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Mass spectrometry has proven to be an invaluable tool for the analysis of compounds in
complex mixtures. High resolution mass spectrometry provides elemental compositions of
compounds. Tandem mass spectrometry (MSn) utilizing collision-activated dissociation (CAD)
or ion/molecule reactions has become a powerful technique for structural elucidation of unknown
compounds. Further, the coupling of MSn with a separation technique, such as high performance
liquid chromatography (HPLC), enables the analysis of trace level analytes in complex mixtures.
This dissertation focuses on the development of MSn methodologies and instrumentation
for the structural elucidation of unknown compounds. While CAD is the most common MSn
technique used for the characterization of ionized compounds, it does not always allow for the
differentiation of isomeric molecules. Gas-phase ion/molecule reactions provide an alternate
route to probe the structures of ionized or neutral compounds. This approach combined with
linear quadrupole ion trap (LQIT) mass spectrometry was used to develop methods for the
identification of different functional groups in polyfunctional analytes and for the differentiation
of isomers. Finally, a device was built that enables the examination of ion/molecule reactions in
an automatic high-throughput manner.
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CHAPTER 1.

1.1

INTRODUCTION AND OVERVIEW

Introduction
J.J. Thomson’s discoveries1 in the area of positive rays in the early 1900s laid the

foundations to the field of mass spectrometry (MS). After more than a century of progression,
MS, which was originally used exclusively by physicists to explore the fundamental aspects of
the atom,2 has found applications in many areas of science, including engineering, biology,
physics, and chemistry. The complexity of mass spectrometers has greatly increased since
Thomson’s cathode ray tube. As technology becomes more advanced, the resolving power,
sensitivity, and speed of mass spectrometers will continue to improve.3 This opens the door for
new MS applications and the development of new instrumentation.
The mass spectrometric analysis of a compound is dependent on four crucial steps:
evaporation of the compound, production of gas-phase ions, separation of the ions, and detection
of the ions.4 These events occur in three separate regions in a mass spectrometer: the ion source,
the mass analyzer, and the detector.4 An ion source is used for the evaporation and ionization of
a compound to produce gaseous ions. These ions are separated according to their mass-to-charge
ratio in the mass analyzer. Finally, the separated ions are detected and the detected signal is
converted into an electrical signal by the detector. This signal is then used to produce a mass
spectrum.
One of the most attractive features of some mass spectrometers is the ability to use them
to perform multiple stages of mass analysis, known as tandem MS or MSn.5 In tandem MS, ions
formed in an ion source are separated based on their mass-to-charge ratio in the first stage of MS
(MS1). The ions of interest are then subjected to dissociation and/or ion-molecule reactions
(MS/MS or MS2). The resulting product ions can again be separated and allowed to undergo
reactions in a third stage of MS (MS/MS/MS or MS3). In MSn, this process of ion isolation
followed by reactions is repeated in subsequent MS stages. The use of MS/MS and MSn
techniques can provide useful structural information for unknown compounds of complex
mixtures without the need of prior separations. This can be achieved by studying the
fragmentation patterns6 of the ionized compound of interest or by observing the formation of
products as the ion of interest is allowed to react with a neutral molecule in the gas phase.7–9

2
Both of these MSn techniques were utilized in the experiments conducted for this thesis research
and are explained in this dissertation.

1.2

Dissertation Overview
The research discussed in this dissertation focuses on the development of methodologies

and instrumentation for the structural elucidation of unknown drug metabolites in mixtures based
on gas-phase ion/molecule reactions. Chapter 2 gives a general overview on the basic principles
and theory behind the MS techniques used in this research, such as ionization, ion separation,
and ion detection. The fundamental aspects of linear quadrupole ion trap (LQIT) mass
spectrometry along with different tandem mass spectrometric techniques utilizing ion/molecule
reactions are also explained in this section.
Chapter 3 introduces gas-phase ion/molecule reactions and how they can be applied for
the identification of a specific functionality in an unknown compound. In this study, a reagent,
dimethylamine (DMA), was allowed to react with protonated compounds containing one of 16
different functionalities. Upon reactions with DMA, only protonated compounds containing the
primary and secondary sulfonamide functionalities produced a unique product ion that can be
used to distinguish these functionalities from compounds containing various other functionalities.
Quantum chemical calculations were used to probe the reaction mechanisms.
Chapter 4 details the use of gas-phase ion molecule reactions to distinguish isomeric drug
metabolites. A novel reagent, trichlorosilane (HSiCl3), was employed to differentiate protonated
O- and N-glucuronide compounds. When HSiCl3 was allowed to react with deprotonated O- and
N-glucuronides, only N-glucuronides produced a diagnostic product ion that corresponded to a
HSiCl3 adduct that had lost two HCl molecules ([M-H+HSiCl3-2HCl]ˉ). Quantum chemical
calculations were used to delineate likely reaction mechanisms.
Chapter 5 unveils a new inlet system for the pulsed introduction of several reagents into a
LQIT mass spectrometer for gas-phase ion/molecule reactions. The new pulsed valve inlet
system was constructed with 9 valves to enable the rapid consecutive introduction of up to 9
different reagents or reagent systems for the identification of different functionalities via multiple
ion/molecule reactions. These pulsed valves can be triggered automatically during a high
performance liquid chromatography (HPLC) separation. Reagents can be pulsed into the LQIT
during an eluting HPLC peak to probe the structures of ionized molecules in complex mixtures.

3
Since up to 9 different reagents can be used on this system and all 9 reagents can be
consecutively pulsed into the mass spectrometer during an eluting HPLC peak, high throughput
screening of molecules can be achieved.

4
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CHAPTER 2.
INSTRUMENTATION, THEORY, AND
EXPERIMENTAL APPLICATIONS OF LINEAR QUADRUPOLE ION
TRAP MASS SPECTROMETRY

2.1

Introduction
From its discovery in 1913,1 mass spectrometry (MS) has evolved to become one of the

most widely utilized analytical techniques for organic compounds. MS has applications across a
diverse range of fields that include pharmaceutics/biopharmaceutics,2 petroleomics,3 forensics,4
foodomics,5 and environmental analysis.6
All mass spectrometers have three basic components: an ion source, a mass analyzer, and
a detector. In the ion source, neutral sample molecules are introduced into the gas phase and
ionized. The ions are transferred into the mass analyzer where they can be separated based on
their mass-to-charge ratios. After emerging from the mass analyzer, the relative abundances of
the separated ions are detected and converted into electrical signals to produce a mass spectrum.
Mass spectrometers can be grouped into two different categories based on the type of
mass analyzer used to separate the ions. The first category involves scanning instruments, such
as magnetic sectors and quadrupoles, where a mixture of ions with different mass-to-charge
ratios and different abundances are passed through the instrument where they are manipulated
differently in different parts of the instrument. The second category involves ion trapping mass
spectrometers, such as quadrupole ion traps and Fourier-transform ion cyclotron resonance ion
traps. In these mass spectrometers, the ions are stored in the trap and manipulated in the same
space but at different times with direct current (DC) and radio frequency (RF) electric fields.
All mass spectrometers are capable of single-stage MS, which can provide molecular
weights and elemental compositions of compounds. Structural information can also be obtained
for pure compounds. However, the ability of mass spectrometers to perform multiple-stages of
MS (tandem MS or MSn) is what makes them versatile. In tandem MS, ions of interest are
isolated and allowed to undergo reactions whose products yield structural information. Most
commonly, the ions are accelerated and allowed to collide with a neutral atom or molecule. In
the collision, kinetic energy is converted to internal energy of the ion and bonds are broken. This
process is known as collision-activated dissociation (CAD) and can provide useful structural
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information. Another approach is to use ion/molecule reactions with a volatile reagent introduced
into the mass spectrometer.7–10
Trapping mass spectrometers, specifically, linear quadrupole ion trap (LQIT) mass
spectrometers were predominantly employed in the research presented in this dissertation. The
theory and fundamental aspects of this type of instrument are discussed in this chapter.
Experimental applications employed in a LQIT mass spectrometer are also explained along with
the fundamentals of ion/molecule reactions.

2.2

Ionization
In order to be manipulated and detected in a mass spectrometer, a compound must be

ionized. The method used for the formation of ions is the most crucial step in MS and is the
reason why the number of different ionization techniques has seen a drastic increase recently.
Some common ionization techniques include electron ionization (EI),11,12 chemical ionization
(CI),13 field ionization (FI),14,15 field desorption (FD),16 fast atom bombardment (FAB),17,18 and
matrix-assisted laser desorption/ionization (MALDI),19 All these techniques operate under high
vacuum. However, more recently, ambient ionization techniques, such as electrospray ionization
(ESI),20–24 atmospheric pressure chemical ionization (APCI),25,26 desorption electrospray
ionization (DESI),27 and direct analysis in real time (DART),28 have emerged. Each ionization
technique has its own advantages and disadvantages but the objective of most of them is the
formation of a stable ion containing the intact analyte molecule. For simplicity, only the
ionization techniques being employed in the research presented in this dissertation will be
discussed in greater detail below.

2.2.1

Electrospray Ionization (ESI)
Since John B. Fenn first introduced ESI in the 1980s,20–24 it has become one of the most

widely utilized ionization techniques in many areas of science. With its introduction, intact ions
of large biomolecules, such as oligonucleotides and proteins, that previously could not be
observed using a mass spectrometer could now be analyzed.23 ESI is considered a “soft”
ionization method as it produces little to no fragmentation. This allows the analysis of thermally
labile compounds and very large compounds. The ESI process is depicted in Figure 2.1.

7

Figure 2.1 Illustration of an ESI source and the principles of ion formation in the positive ion
mode. The solvent is represented by “S” and the analyte is represented by “M”.

The ESI source comprises a metal needle to which a high positive or negative voltage is
applied, typically between ±3 to ±5 kV. As the sample solution is introduced through the
capillary tube and emerges from the terminus of the needle, the high electric field at the needle
tip electrically charges the surface of the sample solution to produce a Taylor cone.29–31
Coulombic forces then disperse the solution into a fine mist of multiply charged droplets. A high
velocity annular flow of dry nitrogen gas at the needle tip is used to assist in solvent evaporation
and ion desolvation. As solvent evaporates from the droplets, the electrical charge density at the
surface of the droplets increases to a critical point known as the Rayleigh stability limit.32 At this
critical point, the electrostatic repulsion becomes greater than the surface tension of the droplet,
which causes the droplet to divide. This process is repeated until very small droplets are formed.
The formation of analyte ions from the very small and highly charged droplets is still
being debated as two competing models have been proposed. These models are the ion
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evaporation model33–36 and the charge residue model.35,36 In the ion evaporation model, as the
droplets reach the Rayleigh stability limit and shrink to a specific radii, desolvated ions are
ejected directly into the gas phase from the highly charged droplets. On the other hand, in the
charge residue model, cycles of solvent evaporation followed by Coulomb fission divides the
highly charged droplets until a droplet containing only one analyte ion is formed. Further
evaporation of the solvent produces the gas-phase ion.

2.2.2

Atmospheric Pressure Chemical Ionization (APCI)
APCI is another common atmospheric pressure ionization technique.25,26 APCI is not as

gentle as ESI but is still considered a “soft” ionization technique, as it often produces ions with
minimal fragmentation. Figure 2.2 illustrates the APCI process. As the sample solution is
introduced through a capillary of the APCI probe, a nebulizer gas (N2) sprays the sample into a
fine mist of droplets. These droplets are then vaporized within a ceramic heater, which operates
at temperatures between 250-500 oC. The analyte and solvent vapors exit the probe and become
exposed to the corona discharge plasma. Analyte ions are then formed via gas-phase reactions
inside of the corona plasma.

Figure 2.2 Illustration of an APCI source and the principles of ion formation in the positive ion
mode.
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The mechanism of ion formation in the most commonly used corona discharge plasma is
shown in Scheme 2.1. The corona discharge plasma is generated by applying a high voltage,
typically between ±3 to ±6 kV, to the corona discharge needle. As a mixture of vaporized analyte,
solvent (methanol, water, and/or another protic solvent), and nitrogen molecules reach the corona
discharge plasma, a cascade of reactions takes place. Primary ions are first formed as the
nitrogen carrier gas interacts with the high voltage needle. The primary ions then react with a
protic solvent to form reagent ions. Lastly, the reagent ions react with the analyte (M) molecules
to form analyte ions.

Ionization of the carrier gas
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H O
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Scheme 2.1 Gas-phase ionization mechanism occurring in the corona discharge plasma for the
formation of positive analyte ions when using a protic solvent, such as water. “M” represents
analyte molecules.

2.3

Linear Quadrupole Ion Trap (LQIT) Mass Spectrometry
From their introduction in 2002,37,38 LQIT mass spectrometers have become widely used

in both industry and academia. LQITs, also known as two-dimensional quadrupole ion traps,
operate in a similar manner as three-dimensional quadrupole ion traps (3-D QIT).39–41 However,
LQITs offer many advantages over 3-D QITs, such as greater ion storage capacity, higher
trapping efficiency, less mass discrimination, and reduced effects of space charge.37,38,42 The
versatility of LQITs has allowed them to be incorporated into many hybrid instruments, such as
LQIT/FTMS43 and LQIT/Orbitrap.44 Recently, a dual LQIT mass spectrometer was also
developed.45
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2.3.1

Instrument Overview
The LQIT mass spectrometers used in the experiments discussed in this dissertation were

Thermo Scientific LTQ instruments equipped with either an ESI or APCI source.37,46 Each mass
spectrometer was coupled with a Thermo Surveyor Plus high performance liquid
chromatography (HPLC) system that included a HPLC pump, autosampler, and photodiode array
(PDA) detector. The mass spectrometers operated on Xcalibur 2.2 and LTQ Tune software. The
schematic of the internal components of a Thermo Scientific LTQ mass spectrometer are
depicted in Figure 2.3.

Figure 2.3 Schematic of the internal components of a Thermo Scientific LTQ mass spectrometer.
The ion source interface, Q00 RF lens assembly, Q0 ion guide, Q1 ion guide, mass analyzer, and
ion detection system are depicted.

The Thermo Scientific LTQ mass spectrometer is divided into four regions, the
atmospheric pressure ionization (API) source, ion optics, mass analyzer, and ion detection
system. The API source is comprised of the ion source (the section at atmospheric pressure) and
the ion source interface (the section under vacuum) (Figures 2.4 and 2.5). The Ion Max ion
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source houses the source probe and allows the ESI and APCI probes to be easily interchanged
(Figure 2.4a). The probe is mounted at a fixed angle that allows for optimal signal intensity and
robustness, Figure 2.4b. Positional adjusters allow for minor adjustments of the probe in the x, y,
and z directions for signal optimization.
Once the ions are generated in the Ion Max ion source, they are pulled into the ion source
interface region of the mass spectrometer. The ion source interface consists of an ion sweep cone,
a heated ion transfer capillary, a tube lens, and a skimmer cone (Figure 2.5). A decreasing
pressure gradient along with a DC potential, typically between 0 to ±20 V (a positive voltage is
used for positive ions and negative voltage is used for negative ions to repel ions from the walls
of the ion transfer capillary), is utilized to direct ions from the ion transfer capillary towards the
tube lens. A DC potential, typically between 0 to ±90 V, (positive voltage for positive ions and
negative voltage for negative ions) applied to the tube lens focuses the ions through the skimmer
cone. The skimmer cone is placed off axis to prevent neutral molecules from continuing into the
next region of the mass spectrometer. The skimmer cone also acts as a vacuum baffle between
the higher pressure (1 Torr) ion source interface region and the lower pressure (0.05 Torr) ion
optics region.
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Figure 2.4 (a) Image of an Ion Max ion source that can be configured to several API modes (ESI
shown). The positional adjusters allow the source probe to be adjusted in the x, y, and z
directions. (b) Profile view of the Ion Max ion source. The probe is mounted at an optimum
angle for signal intensity and robustness.

1 Torr
Ion Transfer
Capillary

Tube Lens

0.05 Torr
Skimmer

Figure 2.5 Schematic of the ion source interface region of a Thermo Scientific LTQ mass
spectrometer. The ion source interface region consists of the ion transfer capillary, tube lens, and
skimmer cone.
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After emerging from the skimmer cone, the ions pass through a series of ion optics and
are transmitted towards the mass analyzer. The ion optics include a Q00 RF lens assembly, a Q0
ion guide, and a Q1 ion guide. The Q00 RF lens assembly consists of a square quadrupole (Q00)
and lens L0 that act as an ion transmission device to transport ions from the skimmer cone into
the Q0 ion guide. RF voltage is applied to produce an electric field for focusing the ions into the
center of the quadrupole rods. A Q00 offset voltage (DC voltage), typically between 0 to ±4 V, is
also applied to the Q00 quadrupole to increase the kinetic energy of the ions as they exit the
skimmer cone and enter the Q00 RF lens assembly. A DC potential between 0 to ±5 V is applied
to lens L0 to aid in ion transmission. A negative voltage is applied for positive ions, while a
positive voltage is applied for negative ions. Lens L0 also acts as a vacuum baffle between the
pressures of the Q00 RF lens assembly and the Q0 ion guide. Like the Q00 RF lens assembly, the
Q0 ion guide consists of a square quadrupole (Q0) and a lens L1 for transporting ions across the
optics. The Q0 quadrupole has RF voltage and Q0 offset voltage applied to it. DC electrical
potential is applied to lens L1. Lens L1 also serves as a vacuum baffle between the different
pressure regions. The last section of the ion optics is the Q1 ion guide. A gate lens and a
cylindrical octapole (Q1) are included in this section of optics. The gate lens allows or prevents
transmission of ions into the mass analyzer. The Q1 octapole also has RF voltage and a Q1 offset
voltage applied to it to transport ions into the mass analyzer. A diagram of representative DC
offset voltages is shown in Figure 2.6, which depicts a downhill potential gradient for the
transmission of ions into the mass analyzer.
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Figure 2.6 Representative DC offset voltages applied to the ion optics, which produce a downhill
potential gradient that allow ions to travel towards the LQIT in the positive ion mode.

After passing through the ion optics, ions are directed into the mass analyzer. As ions are
transmitted towards the LQIT, a DC potential of ±9 V is applied to the front section of the rods.
During this time, a DC potential of ±7 V is also applied to the back section of the rods. The
center section is maintained at ±12 V. These potentials draw the ions into the trap.
The mass analyzer is composed of a front lens, a LQIT, and a back lens. The front and
back lenses serve to provide a conductance limit. The LQIT is constructed out of four precisionmachined and precision aligned hyperbolic rods, two x-rods and two y-rods. Each rod is divided
into three sections, as depicted in Figure 2.7. The front and back sections are both 12 mm in
length, while the center section is 37 mm in length.
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Figure 2.7 Schematic of the LQIT located in a Thermo Scientific LTQ mass spectrometer.

Each section of the Thermo Scientific LTQ mass spectrometer operates at a different
pressure, as seen in Figure 2.8. An intricate vacuum system enables each section of the mass
spectrometer to be differentially pumped. Two Edwards E2M30 forepumps evacuate the ion
source interface at a rate of 650 L/min to maintain a pressure of 1 Torr. A convectron gauge
measures the pressure in this region. A Leybold TW400/300/25 triple-inlet turbomolecular pump,
which is backed by the two forepumps, provides vacuum to the Q00 RF lens assembly, Q0 ion
guide, and mass analyzer regions. The turbomolecular pump has three inlets. The first pumping
inlet evacuates the Q00 RF lens assembly at a rate of 25 L/sec, bringing the pressure down to
0.05 Torr. The second interstage pumping inlet evacuates the Q0 ion guide region at a rate of 300
L/sec, bringing the pressure of this section to 1 x 10-3 Torr. While helium is being introduced, the
third high-vacuum pumping inlet evacuates the mass analyzer region at a rate of 400 L/sec to
maintain a pressure of 1 x 10-5 Torr. A Granville-Phillips 342 mini ion gauge is used to monitor
the pressure in the mass analyzer region.
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Figure 2.8 Vacuum system and operating pressures in the different sections in a Thermo
Scientific LTQ mass spectrometer.

2.3.2

Ion Motion in a Thermo Scientific LTQ Linear Quadrupole Ion Trap
Fundamentals of different operations of the mass analyzer, such as ion storage, ion

isolation, CAD, and detection will be discussed in following sections. Ion detection will be
discussed after the fundamentals of scanning ions out of the trap as the two go hand in hand. In
the LQIT of a Thermo Scientific LTQ, ions are trapped both axially and radially by a
combination of DC and RF voltages applied to the hyperbolic electrodes. DC potential is applied
to the rods to trap the ions axially, while RF potential is applied to the rods to trap the ions
radially. In the next sections, a detailed discussion of the different ion motions is provided.

2.3.2.1 Ion Axial Motion
Ions are trapped in the axial (z-axis) direction in the LQIT by the use of three DC
trapping voltages, applied to each section of the rods.37 As seen in Figure 2.9, by lowering the
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DC potential of the center section (DC 2; ±12 V) below the DC potentials of the front (DC 1; 0 V)
and back (DC 3; 0 V) sections of the rods, a potential energy well is created to trap the ions in
the center section of the ion trap.

Figure 2.9 A potential energy well created to trap ions in the axial (z-axis) direction by lowering
the DC potential of the center section (DC 2) below the DC potentials of the front (DC 1) and
back (DC 3) sections of the rods (positive ion mode shown).

Helium damping gas also plays a vital role in the successful trapping and detection of
ions in the LQIT.37 Helium gas enters the mass analyzer cavity at a rate of approximately 1
mL/min through a port located between the quadrupole rods. The pressure within the mass
analyzer cavity, at the location where helium enters the LQIT, is maintained at approximately 1 x
10-3 Torr. As ions enter into the LQIT, they collide with the helium atoms. The collisions reduce
the kinetic energy of the ions, which dampens the amplitude of their oscillations. This focuses
the ions toward the center of the ion trap along the z-axis and allows them to be trapped by the

18
RF fields of the mass analyzer. The presence of helium damping gas greatly enhances sensitivity
and mass resolution of the mass spectrometer.

2.3.2.2 Ion Radial Motion
Ions are trapped in the radial direction (x,y-plane) in the LQIT by the use of RF trapping
voltages.37 The rods opposite to each other are electrically connected. Each rod pair is supplied
with RF voltage of the same amplitude and sign. This RF voltage is oscillated over time in a sine
wave manner from positive, through neutral, to negative and back again. The RF voltage
supplied to the opposing rod pairs have equal amplitudes, but are 180o out of phase (Figure 2.10).
The application of this RF voltage, also known as the main RF voltage, to the rods produces a
time-varying field that drives ionic motion radially.

y

x

+
0

_
Figure 2.10 Ions are trapped in the radial direction (x,y-plane) by the use of RF trapping voltages.
Opposite rods are connected electrically and RF voltages are oscillated over time in a sine wave
manner from positive, through neutral, to negative and back again (solid blue trace). Opposing
rods are 180o out of phase (dotted red line trace).
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DC and RF voltages applied to the four rods produce the following potentials (Φ0):40,47–49

Φ

Equation 2.1

where U is the DC voltage, V is the zero-to-peak amplitude of the alternating RF voltage, Ω is
the operating angular frequency, and t is the time. With these voltages, a quadrupolar electric
field is created in-between the four hyperbolic rods. As ions are transmitted into the LQIT along
the z-axis, they are subjected to the following forces in the x- and y-directions as a result of these
electric fields:40,47–49

Φ

Equation 2.2

Φ

Equation 2.3

The quadrupole potential can then be written as:40,47–49

Φ

Equation 2.4

,

where m is the mass of the ion, z is the number of charges on the ion, e is the magnitude of the
electric charge, and r0 is the radius of an inscribed circle within the space between the
quadrupole rods. By rearranging these equations, the ion motion can be expressed as:40,47–49

cos

0

Equation 2.5

cos

0

Equation 2.6
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These equations have a general form similar to that of the Mathieu equation, which is expressed
as:40,47–49

2

cos 2

0

Equation 2.7

By substituting the following variable:

Equation 2.8
the equations for ion motion can be expressed as Mathieu equations:40,47–49

Equation 2.9

Equation 2.10

where:

Equation 2.11

Equation 2.12
The derived variables, au and qu, are Mathieu stability parameters. In order for an ion to be in a
stable oscillatory trajectory within the quadrupolar electric field, the values of au and qu will have
to fall within the stability region that is defined by the Mathieu stability diagram, as seen in
Figure 2.11. In order to trap ions with a broad range of m/z-values, the LQIT operates at au = 0.
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Figure 2.11 Mathieu stability diagram showing the regions of stability (overlap region) in the xand y-directions. The colored circles represent ions with different mass-to-charge ratios. Larger
circles correspond to larger mass-to-charge ratios, while smaller circles correspond to smaller
mass-to-charge ratios.

Each ion that is trapped within the LQIT has its own unique secular frequency (ωu) of
oscillation, which can be calculated with the following equation:40,47–49

Equation 2.13

where βu is the Dehmelt approximation expressed as:

Equation 2.14
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for a qu value less than 0.4. In order for the ions to have stable trajectories within the LQIT, their
βu values must remain between 0 and 1.48 This means that the maximum secular frequency of an
ion is one half of the angular frequency of the ion.

2.3.3

Ion Ejection and Detection
A technique that is widely used in 3-D QITs to eject ions for detection, called mass

selective instability scan, can also be used to eject ions out of the LQIT.50,51 As previously stated,
when ions are trapped in the LQIT, the Mathieu stability parameter au has a value of 0. As the
amplitude of the main RF voltage is ramped (0 to 10 kV, zero-to-peak), qu increases and ions
with increasing mass-to-charge ratios become radially unstable as they approach the boundary of
the Mathieu stability diagram at qu = 0.908 and are ejected from the mass analyzer. The two
center x-rods, called exit rods, have a 0.25 x 30 mm slit in each which enables ejection of ions
out of the ion trap for detection.
One can also utilize a technique called resonance ejection to eject ions from the LQIT.
Using this method, ions are scanned out at a lower qu value of 0.880, as depicted in Figure
2.12.51,52 For this to occur, a supplementary RF voltage is applied to the exit rods (x-rods) in
addition to the main RF voltage. The supplementary RF voltage is lower in frequency and
amplitude than the main RF voltage. The main RF voltage is ramped from low voltage to high
voltage. As the resonance frequency of ions equals the supplementary RF frequency, the ions
gain kinetic energy. This in turn increases the ions amplitude of oscillation in the radial direction
and causes them to be ejected out of the LQIT through the slits on the x-rods and into the ion
detection system. This process improves sensitivity, mass range, and mass resolution.52

23

x-rod Resonance Ejection
at qu = 0.880

0.24

x-Unstable
0.3

0.7

y-Unstable
0.12

1.0

0.5
0.5

0.7

0.3

au

0

0.3

0.2

0.4

0.5

0.6

0.7

*

0.8

0.9

0.3

0.7
0.5

-0.12

Both
x- and y-Unstable
qu
Both
x- and y-Unstable

0.5

x-Unstable
-0.24

qu = 0.908

0.7

0.3

y-Unstable
1.0

Figure 2.12 Depiction of ions being ejected from the LQIT by ramping the main RF voltage until
ions are brought into resonance with the supplementary RF voltage at qu = 0.880.

Once the ions are ejected out of the LQIT, they are directed towards the ion detection
systems, as seen in Figure 2.13.37 The Thermo Scientific LTQ is equipped with two off-axis ion
detection systems that are located on either side of the mass analyzer. Each ion detection system
is composed of a conversion dynode and an electron multiplier. A ±15 kV potential is applied to
the conversion dynodes to attract the incoming ions (negative potential for positive ion detection
and positive potential for negative ion detection). As an ion strikes the conversion dynode, one or
more secondary particles are produced (i.e., positive ions, negative ions, or electrons). Positive
ions striking a negatively charged conversion dynode produce negative ions and electrons, while
negative ions striking a positively charged conversion dynode produce positive ions. These
secondary particles are focused into the electron multiplier by the curved surface of the
conversion dynode and by an applied voltage gradient.
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The electron multiplier is constructed with a cathode and an anode. The cathode is a
funnel-like resistor that is made out of lead-oxide.37 A potential gradient, starting with -2.5 kV at
the entrance (wider end) of the cathode and increasing to near ground at the exit (narrower end),
is applied to the cathode. The anode is a small cup located at the exit end of the cathode, which is
used to collect the electrons produced in the cathode. When the secondary particles are drawn
into the electron multiplier from the conversion dynode and strike the inner walls, electrons are
ejected. As the potential gradient pulls the electrons farther into the funnel shaped cathode, they
collide yet again with the narrowing inner walls of the cathode to produce even more electrons.
This collision process is repeated until a cascade of electrons reaches the anode and a measurable
current is produced. This current is proportional to the number of secondary particles that strike
the inner walls of the cathode.

Figure 2.13 Ion detection system in a Thermo Scientific LTQ mass spectrometer, which consists
of a conversion dynode and an electron multiplier.
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2.3.4

Tandem Mass Spectrometry
The concept of coupling two mass analyzers together with a collision cell in between to

perform MS/MS experiments was first realized in the 1950s.53,54 However, it was not until after
the pioneering work of a few individuals in the late 1960s and throughout the 1970s that the use
of MS/MS began to gain popularity.55–58 MS/MS involves two stages of mass analysis, which
includes isolation of particular ions of interest followed by dissociation or ion/molecule reactions
and then analysis of the product ions.59
In MS3 experiments, a product ion from the MS2 experiment is isolated and subjected to
further dissociation or ion/molecule reactions followed by detection. Repeating this process is
known as MSn. There are two different categories of mass spectrometers that allow for MS/MS
and/or MSn experiments. The first category consists of tandem-in-space mass spectrometers,
where multiple mass analyzers are assembled in tandem and ions travel from one section of the
instrument into another to experience a different part of the experiment. However, the majority
of tandem-in-space mass spectrometers are only capable of performing MS/MS experiments.60–67
The second category consists of tandem-in-time mass spectrometers, where ions are
trapped in the same location and the different events of the MS/MS or MSn experiment occur in
the same space but are separated in time. MSn is commonly applied to tandem-in-time mass
spectrometers,68 such as the Thermo Scientific LTQ mass spectrometer. Consecutive ion
isolations, CAD, and reactions occur in the LQIT part of the instrument. MSn experiments
utilizing CAD and ion/molecule reactions were performed in the research presented in this
dissertation.

2.3.4.1 Ion Isolation
To perform MSn experiments in the Thermo Scientific LTQ mass spectrometer, an ion of
interest must first be isolated from all of the other ions that are trapped in the LQIT. This is
performed by ramping the main RF voltage until the ion of interest has the qu value of 0.830
(Figure 2.14b).37 In this process, ions with a mass-to-charge ratio lower than the ion of interest
are ejected out of the mass analyzer. After these ions are ejected, a broadband isolation
waveform voltage consisting of a distribution of frequencies between 5-600 kHz with sine
components spaced every 0.5 kHz is applied to the ion trap to eject all unwanted ions out of the
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LQIT (Figure 2.14c).37 However, this waveform is not applied at the frequency that the ion of
interest has (qu = 0.830; ~368 kHz) to keep it trapped in the mass analyzer for MSn experiments.
This process is illustrated in Figure 2.14.
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Figure 2.14 (a) Matthieu stability diagram showing ions trapped in a LQIT mass spectrometer. (b)
The main RF voltage is ramped until the ion of interest has the qu value of 0.830. This causes all
ions with a mass-to-charge ratio lower than the ion of interest to be ejected out of the mass
analyzer. (c) A broadband isolation waveform voltage is applied to eject all unwanted ions out of
the mass analyzer, leaving only the ion of interest.
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2.3.4.2 Collision-Activated Dissociation (CAD)
After an ion of interest has been isolated, it is subjected to reactions, such as CAD. In the
Thermo Scientific LTQ, a slow heating method can be used to perform CAD in the LQIT, where
ions are subjected to multiple low-energy collisions with the helium buffer gas.69–71 As seen in
Figure 2.15a, the qu value of the ion of interest was changed to 0.250 for CAD, after being
isolated. A supplemental resonance excitation RF voltage is then applied for 30 ms to the xrods.37 This supplemental voltage is not strong enough to eject the ion out of the mass analyzer
but it does increase the ion’s kinetic energy and enhances its amplitude of oscillation in the radial
direction. Each collision with the helium buffer gas converts part of the ion kinetic energy into
internal energy. When an ion gains enough internal energy through the collisions, it dissociates
into fragment ions (Figure 2.15b). Since a slow heating method is utilized here, the product ions
are not subjected to further activation and dissociation.71
The specific qu value used during CAD is very important as it determines the amount of
kinetic energy the fragmenting ion can gain and the range of the m/z-values of the product ions
that can be trapped (Figure 2.16).37 When using a larger qu value, the kinetic energy of the
fragmenting ion will be greater, resulting in more fragment ions. However, with a larger qu value,
the low mass cutoff is greater, preventing the low mass fragment ions from being trapped. A qu
value of 0.250 is often used as a compromise between producing efficient fragmentation and
trapping a broad mass range of product ions.37
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Figure 2.15 (a) The qu value of the isolated ion in Figure 2.14 is changed to 0.250. (b) The ion is
excited and fragmentation is induced by collisions with helium gas.
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Figure 2.16 With a larger qu value, the kinetic energy of the fragmenting ion will be greater,
resulting in more fragment ions. However, with a larger qu value, the low mass cutoff is greater,
preventing the low mass fragment ions from being trapped.

2.3.5 Ion/Molecule Reactions
The first ion/molecule reaction was reported by Dempster in 1916 when he observed the
formation of H3+ from the reaction between H2+ and H2.72 However, this topic was disregarded
over the next few decades as mass spectrometrists were focused on the fundamentals of electron
ionization (EI). It was not until the discovery of a softer ionization technique in 1966 by Munson
and Field13 called chemical ionization (CI) that ion/molecule reactions really began to gain
attention. Since ion/molecule reactions were used in the ionization process in CI and resulted in
the formation of intact protonated molecules that would have otherwise not been detectable
(upon EI), more fundamental research shifted towards ion/molecule reactions.73 Recently,
ion/molecule reactions have been used for the identification of functional groups in both organic
compounds and biomolecules.7–9 The research presented in this dissertation involves
development of gas-phase ion/molecule reactions for the structural elucidation of organic
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compounds in MSn. The fundamental aspects of gas-phase ion/molecule reactions along with
instrumentation used for ion/molecule reactions is discussed in the next sections.

2.3.5.1 Double-Well Potential Energy Surface Model
The double-well potential energy surface model, proposed by Olmstead and Brauman in
1977, was developed to rationalize the slow rates measured for some ionic gas-phase SN2
reactions.74 As seen in the double-well potential energy surface in Figure 2.17, there is two
potential energy minima, which correspond to a reactant complex and a product complex that are
separated by a central barrier, also known as a transition state. Based on this model, a collision
between an ion and a neutral reagent forms a reactant complex through long range ion-dipole and
ion-induced dipole forces.74 The formation of this reactant complex releases potential energy,
known as solvation energy, which is typically between 5-20 kcal/mol.75 The magnitude of this
solvation energy is dependent on the dipole moment and the polarizability of the neutral
reagent.75 This solvation energy can be used to overcome barriers along the reaction coordinate
to the formation of the products. In order for the reaction to occur, the overall process must be
exothermic, as the total energy of the system is conserved while in vacuum in the gas phase. This
double-well potential energy surface model has been adopted to explain the kinetics of many
gas-phase ion/molecule reactions.76
Two main factors control the rates of gas-phase ion/molecule reactions.74 The first factor
is the energy difference between the separated reactants and the transition state (ΔE). The higher
the transition state energy, the smaller the ΔE, and the less likely is the system to overcome the
barrier. The second factor is the entropy of the transition state. In some cases, there is enough
energy to overcome the barrier but the reaction does not proceed toward the products. This
suggests that the reaction back to the separated reactants is entropically more favorable than
going forward to the products. The internal energy levels for the back reaction towards the
separated reactants are more closely spaced than the forward reaction towards the separated
products.74 This is shown in Figure 2.17.
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Figure 2.17 Brauman double-well potential energy surface for ion/molecule reactions occurring
in the gas phase. A representation of the internal energy level spacing is also depicted.

2.3.5.2 Instrumentation for Ion/Molecule Reactions
A Thermo Scientific LTQ mass spectrometer was used for all gas-phase ion/molecule
reactions. In the gas-phase ion/molecule reactions presented in this work, an isolated ion was
allowed to react with a neutral molecule (reagent) for a pre-determined period of time in the
LQIT. Two different types of reagent inlet systems were installed externally to the mass
spectrometer, which allowed the introduction of reagents. The two different inlet systems
included a reagent mixing manifold system and a pulsed valve system. The external reagent
mixing manifold being employed in these experiments is similar to an apparatus published by
Gronert.77,78 The manifold system used here is depicted in Figure 2.18. This system is connected
to the helium buffer gas line of the instrument via a three-way valve. Using this valve, the mass
spectrometer can operate in “instrument mode” or “manifold mode”. When the three-way valve
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is switched to instrument mode, helium gas goes directly into the mass spectrometer and the
instrument operates as if it was not modified. However, once the three-way valve is switched to
manifold mode, helium gas is diverted into the manifold system before it enters into the
instrument. A reagent is introduced into the manifold through a syringe pump at a rate of 10
µL/hr. Helium gas is introduced into the manifold at a rate of 1.2 standard cubic feet per hour
(SCFH) to dilute the reagent. The majority of this helium gas is diverted to waste using a flow
meter. The manifold is heated to ~150 oC to ensure complete vaporization of the reagent. The
reagent and helium gas mixture is introduced into the instrument using a Granville-Phillips
variable leak valve. The variable leak valve is opened enough to maintain a pressure close to
normal operating conditions. After the experiments are completed, the three-way valve is
switched back to instrument mode and the manifold system is placed under vacuum and heated
overnight to remove any remaining reagent.

Figure 2.18 An external reagent mixing manifold interfaced to a Thermo Scientific LTQ mass
spectrometer that is used to introduce a reagent for ion/molecule reactions.
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A rendering of the pulsed valve system used in the experiments is depicted in Figure 2.19.
The pulsed valve system is mounted on the back of the mass spectrometer using the existing
back plate of the instrument. Reagents are introduced into the trapping region of the mass
spectrometer via a pulsed method.

(a)

(b)

Figure 2.19 (a) A pulsed valve system that can be interfaced to a Thermo Scientific LTQ mass
spectrometer. (b) The pulsed valve system is installed onto the mass spectrometer via the back
plate of the instrument.
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CHAPTER 3.
UTILIZING TANDEM MASS SPECTROMETRY FOR
THE IDENTIFICATION OF THE PRIMARY AND SECONDARY
SULFONAMIDE FUNCTIONALITIES IN PROTONATED ANALYTES
VIA ION/MOLECULE REACTIONS

3.1

Introduction
Sulfonamides play a very import role in the early discoveries of antibiotics and paved the

road to many new discoveries in medicine.1 The sulfonamide functionality is a very significant
functional group when it comes to drug design. In the year 2008 alone, there have been upwards
of 112 marketed drugs that contained the sulfonamide functional group, each drug with its own
unique design and function.2 The most commonly used antibiotic that contains a sulfonamide is a
combinatory drug of Trimethoprim and Sulfamethoxazole for the treatment of urinary tract
infections,3 bronchitis,4 bacterial diarrhea,5 shigellosis,6 and certain cases of pneumonia.7
However, this drug has been known to cause many hypersensitivity reactions and even cause
death.8 Patients that suffer from these side effects could potentially be allergic to sulfonamides
and may have what is called a sulfa allergy. It is important to be able to rapidly identify drug
compounds that contain the sulfonamide functional group in plasma to determine if a patient
consumed a sulfonamide drug when signs of these side effects are present to accurately diagnose
and treat the patient. In most cases, X-ray crystallography, NMR, and IR spectroscopy are
frequently used to identify different drug functionalities but due to the complexity of drug
compounds in plasma and the need for high-purity samples, utilizing these techniques will be
difficult.8–10
In this study, a tandem mass spectrometric method utilizing gas-phase ion/molecule
reactions with the reagent dimethylamine, which is dissolved in methanol, (DMA (in MeOH)) is
reported that can be used to identify the primary and secondary sulfonamide functionalities in
complex polyfunctional analytes in a linear quadrupole ion trap (LQIT) mass spectrometer. The
identification of functional groups using this method of protonated analytes reacting with a
neutral reagent through ion/molecule reactions has been previously demonstrated and has been
reported in the past.11–25
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3.2

Experimental
Prontosil was synthesized from a previous report.26 Benzaldehyde was purchased from

Fisher Scientific (Pittsburg, PA, USA); butyraldehyde was purchased from Alfa Aesar (Ward
Hill, MA, USA); 2-chloroethyl acetate was purchased from Eastman Chemical Company
(Kingsport, TN, USA); all remaining model compounds were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The reagent, DMA (in MeOH), was purchased from Tokyo Chemical
Industry Co., Ltd. (Portland, OR, USA). Liquid chromatography mass spectrometry (LCMS)
grade methanol and water solvents were purchased from ProteoChem (Hurricane, UT, USA). All
of the chemicals were used as received.
The studies were conducted on a Thermo Scientific LQIT mass spectrometer (LTQ,
Thermo Scientific, San Jose, CA, USA) equipped with an electrospray ionization (ESI) source
operated in the positive ion mode.27 The analyte samples were prepared in methanol at a
concentration of 1.0 mg/mL. The samples were introduced into the ESI source through a syringe
drive at a rate of 25 µL/min. Using a Thermo Scientific Surveyor MS Pump Plus, a 50/50 (v/v)
methanol/water solvent mixture was tee-infused with the analyte sample at a rate of 100 µL/min
to stabilize the ESI spray. The source conditions were as follows: 275 oC capillary temperature,
30 arbitrary units sheath gas (N2) flow, 10 arbitrary units auxiliary gas (N2) flow, 2.0 µA spray
current maintained with a 4.0 kV spray voltage, and the capillary voltage, tube lens voltage and
voltages for the ion optics were optimized using the automated tuning feature of the instrument,
LTQ Tune Plus, for the low mass range from m/z 15 to m/z 200 and for the normal mass range
from m/z 50 to m/z 500.
The reagent, DMA (in MeOH), was introduced into the mass spectrometer through a
home built heated manifold that was connected to the helium buffer gas line. A manifold
apparatus similar to the one described here was first introduced by Gronert28,29 but the same
manifold used in this study was published by Habicht et al.15 DMA (in MeOH) was introduced
into the manifold through a syringe pump at a rate of 10 µL/hr. Helium gas was introduced into
the manifold at a rate of 1.2 standard cubic feet per hour (SCFH) to dilute the DMA (in MeOH).
The manifold was heated to ~150 oC to ensure complete vaporization of DMA (in MeOH). The
reagent and helium gas mixture was introduced into the instrument using a Granville-Phillips
variable leak valve through the helium buffer gas line. The variable leak valve was opened
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enough to maintain a nominal pressure of ~0.70 × 10-5 Torr in the ion trapping region of the
mass spectrometer.
After ionization, each analyte ion was isolated, typically with an isolation window of 2
m/z units and a qu value of 0.25, and allowed to react with the DMA (in MeOH) reagent for a
specified amount of time. Reaction times were varied between 0.03 to 500 ms. Since DMA (in
MeOH) was introduced into the ion trap at a constant pressure and the concentration was always
in excess to that of the ion of interest, these ion/molecule reactions followed pseudo first-order
kinetics.30 The reaction efficiency represents the number of ion/molecule collisions that actually
form products (Efficiency = kreaction/kcollision). These reaction efficiencies were determined by
measuring the rate of each ion/molecule reaction (IM) and the rate of a proton transfer reaction
(PT) between protonated MeOH and the DMA reagent. These experiments were completed in
succession to mimic the same operating conditions. The relative abundances of the reactant ion
and the product ions where measured over the reaction time to obtain these rates. When these
relative abundances were plotted in a semilogarithmic plot as a function of time, the slope of the
reactant ion corresponded to the rate constant, k, multiplied by the concentration of DMA. The
proton transfer reaction (PT) between protonated MeOH and the DMA reagent was assumed to
proceed nearly at the collision rate, kcollision (computed using parameterized trajectory
calculations31), and therefore the efficiencies of the ion/molecule reactions were calculated with
the following equation:

Efficiency

∗

/

∗

∗ 100

Equation 3.1

Since the reaction efficiency was based on the ratio of the slopes from the two reactions,
kreaction*[DMA] = slope (IM) and kcollision*[DMA] = slope (PT), where [DMA] = DMA
concentration. The concentration of DMA is not necessary as it cancels out within the
calculations. In order to solve the equation, the masses for the analyte ion (Mi), DMA (Mn), and
methanol (M(PT)) were needed. The proton transfer reaction (Pn(PT)) and the pressure reading from
the ion gauge for the DMA reagent during the ion/molecule reactions (Pn(IM)) were also required.
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Proton affinities (PA) were computed at the B3LYP/6-31++G(d,p) level of theory with
the Gaussian 09 suite of programs.32 Free energies of activation were calculated at the MØ62X/6-311++G(d,p)//MØ6-2X/6-311++G(d,p) level of theory.

3.3

Results and Discussion
Protonated alcohol, aldehyde, amide, amine, acetate ester, benzoate ester, carboxamide,

carboxylic acid, ether, hydroxylamine, ketone, N-oxide, phenol, sulfonamide, sulfone, and
sulfoxide compounds were allowed to react with the reagent DMA (in MeOH) (PA33 = 222
kcal/mol for DMA; PA = 178 kcal/mol for MeOH (calculated at the B3LYP/6-31++G(d,p) level
of theory)) to determine whether this reagent can be useful in probing a specific functionality.
DMA was explored as a reagent for ion/molecule reactions because it has a high PA, which can
initiate proton transfer. From past experiences, it has been observed that proton transfer is
usually the initiation step for most ion/molecule reactions.20,21,23,24

Table 3.1 Reactions of DMA (in MeOH) (PAa = 222 kcal/mol for DMA; PAb = 178 kcal/mol for
MeOH) with protonated alcohol, aldehyde, amide, amine, acetate ester, benzoate ester,
carboxamide, carboxylic acid, ether, hydroxylamine, ketone, N-oxide, phenol, sulfone, and
sulfoxide model compounds, their efficiencies, and different reaction pathways’ branching ratios.
Branching ratios and reaction efficiencies were obtained after reaction with DMA (in MeOH) for
500 ms.
Analyte
(m/z of [M+H]+)

PA
(kcal/mol)

Observed ionic reaction products (m/z)
and their branching ratios

Cyclohexanol
(101)

193b

Protonated DMA (46)
DMA Adduct (146)

79%
21%

9%

Butyraldehyde
(73)

189a

Protonated DMA (46)
DMA Adduct (118)

3%
97%

30%

N-Methylpropionamide
(88)

220a

Protonated DMA (46)
DMA Adduct (133)

99%
1%

77%

Diisopropylamine
(102)

232a

Ethyl acetate
(89)

200a

Not
Applicable

No Reactions Observed
Protonated DMA (46)
MeOH Adduct (121)
DMA Adduct (134)

Reaction
efficiency

97%
2%
1%

70%
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Table 3.1, continued.
Analyte
(m/z of [M+H]+)

PA
(kcal/mol)

Observed ionic reaction products (m/z)
and their branching ratios

Reaction
efficiency

Ethyl benzoate
(151)

201b

Protonated DMA (46)
MeOH Adduct (183)
DMA Adduct (196)

96%
2%
2%

40%

Biphenyl-4-carboxamide
(198)

217b

MeOH Adduct (230)
DMA Adduct (243)

1%
99%

35%c

Protonated DMA (46)
MeOH Adduct-H2O (137)
MeOH Adduct (155)
DMA Adduct (168)

94.5%
1%
4%
0.5%

95%

Benzoic acid
(123)

194

Diethyl ether
(75)

198a

Protonated DMA (46)
MeOH Adduct (107)
DMA Adduct (120)

96.5%
3%
0.5%

62%

N-Cyclohexylhydroxylamine
(116)

216d

Protonated DMA (46)
MeOH Adduct (148)
DMA Adduct (161)

97%
1%
2%

77%

Cyclohexanone
(99)

201a

Protonated DMA (46)
MeOH Adduct (131)
DMA Adduct (144)

95%
3%
2%

64%

Pyridine N-oxide
(96)

219d

Protonated DMA (46)
DMA Adduct (141)

78%
22%

42%

4-Ethylphenol
(123)

179b

Protonated DMA (46)
MeOH Adduct (155)
DMA Adduct (168)

77%
1%
22%

70%

Methyl phenyl sulfone
(157)

201d

Protonated DMA (46)
MeOH Adduct (189)
DMA Adduct (202)

12%
33%
55%

64%

Methyl phenyl sulfoxide
(141)

220e

Protonated DMA (46)
MeOH Adduct (173)
DMA Adduct (186)

89%
1%
10%

58%

b

a

PA value from Ref. 33; bCalculated at the B3LYP/6-31++G(d,p) level of theory; cProtonated DMA was not
observed due to a low-mass cutoff of the instrument; dPA value from Ref. 18; ePA value from Ref. 19.

As seen in Table 3.1, upon reactions of protonated analytes, other than sulfonamides,
with DMA (in MeOH) protonated DMA, MeOH adduct, and/or DMA adduct was observed.
When carboxylic acids, such as benzoic acid, was allowed to react with DMA (in MeOH) a
MeOH adduct that has lost a H2O molecule was also observed. This, however, was not the case

44
in every reaction between carboxylic acids and DMA (in MeOH). Also, when amine compounds,
such as diisopropylamine, have a PA that is much greater than DMA, no reactions were observed.
Further, protonated DMA was not observed for the compound biphenyl-4-carboxamide due to a
low-mass cutoff from the LQIT mass spectrometer. Upon isolation of the molecular ion of
biphenyl-4-carboxamide, protonated DMA, which has a m/z of 46, was not observable due to the
window constraint. Having a low-mass cutoff was observed for a number of different analytes
within the results presented here. Additionally, not only does Table 3.1 show the observed
reactions and their branching ratios, it also shows the analytes PA along with the reaction
efficiency of the ion/molecule reactions.
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100
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60
40
20
0
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[M+H+DMA]+
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Figure 3.1 MS/MS spectra measured after 500 ms reaction of protonated 4-hydroxybenzenesulfonamide (m/z 174), N-hydroxybenzenesulfonamide (m/z 174), and N,N,N’,N’tetraethylsulfamide (m/z 209) with DMA (in MeOH). Due to a low-mass cutoff protonated DMA
was not observable. Both the primary and secondary sulfonamides formed diagnostic products
while the tertiary sulfonamide did not.
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Upon reactions of primary and secondary sulfonamides with DMA (in MeOH) not only
was protonated DMA, MeOH adduct, and/or DMA adduct observed but a diagnostic DMA
adduct that has lost a NH2R (R referring to a second group attached to the sulfonamide nitrogen)
molecule was also formed (Table 3.2). As seen in the mass spectra in Figure 3.1, when the
primary sulfonamide 4-hydroxybenzenesulfonamide reacted with DMA (in MeOH) for 500 ms a
unique product ion at m/z 202 formed, which corresponds to a DMA adduct that has lost a NH3
molecule. Reactions with a secondary sulfonamide N-hydroxybenzenesulfonamide, an isomer of
4-hydroxybenzenesulfonamide, yielded yet another unique product ion at m/z 186, which
corresponds to a DMA adduct that has lost a NH2OH molecule. These diagnostic products were
not observed for any other functional groups. Surprisingly, these diagnostic products were not
observed for tertiary sulfonamides (Figure 3.1 and Table 3.2).

Table 3.2 Reactions of DMA (in MeOH) (PAa = 222 kcal/mol for DMA; PAb = 178 kcal/mol for
MeOH) with protonated primary, secondary, and tertiary sulfonamide model compounds, their
efficiencies, and different reaction pathways’ branching ratios. Branching ratios and reaction
efficiencies were obtained after reaction with DMA (in MeOH) for 500 ms.
Analyte
(m/z of [M+H]+)

Benzenesulfonamide
(158)

4-Hydroxybenzenesulfonamide
(174)

PAb
(kcal/mol)

Observed ionic reaction products (m/z)
and their branching ratios

Reaction
efficiency

203

Protonated DMA (46)
DMA Adduct-NH3 (186)
MeOH Adduct (190)
DMA Adduct (203)

4%
17%
29%
50%

36%

206

DMA Adduct-NH3 (202)
MeOH Adduct (206)
DMA Adduct (219)

67%
13%
20%

30%c

205

DMA Adduct-NH3 (244)
DMA Adduct (261)

1%
99%

61%c

O
O
O
S
O

NH2

2-(Methoxycarbonyl)
benzenesulfonamide
(216)
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Table 3.2, continued.
Analyte
(m/z of [M+H]+)

PAb
(kcal/mol)

Reaction
efficiency

214

DMA Adduct-NH2(CH2)3CH3 (186)
DMA Adduct (259)

5%
95%

9%c

203

DMA Adduct-NH2OH (186)
MeOH Adduct (206)
DMA Adduct (219)

40%
33%
27%

20%c

203

DMA Adduct-NH2SO2C6H5 (186)
MeOH Adduct (330)
DMA Adduct (343)

11%
40%
49%

56%c

225

DMA Adduct (314)

100%

50%c

214

DMA Adduct (254)

100%

52%c

219

DMA Adduct (315)

100%

26%c

N-Butylbenzenesulfonamide
(214)

N-Hydroxybenzenesulfonamide
(174)

Observed ionic reaction products (m/z)
and their branching ratios

N-(Phenylsulfonyl)
benzenesulfonamide
(298)

2-Amino-N-cyclohexylN-methylbenzenesulfonamide
(269)

N,N,N',N'-Tetraethylsulfamide
(209)

N,NDibutylbenzenesulfonamide
(270)

PA value from Ref. 33; bCalculated at the B3LYP/6-31++G(d,p) level of theory; cProtonated DMA was not
observed due to a low-mass cutoff of the instrument.

a

To understand why primary and secondary sulfonamides formed these diagnostic
products, the site of protonation was explored computationally. One thing that all of these
primary and secondary sulfonamides had in common was their most basic sites were found to be
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the

nitrogen

atom

of

the

sulfonamide

group,

as

seen

in

Figure

3.2a

for

4-

hydroxybenzenesulfonamide and Figure 3.2b for N-hydroxybenzenesulfonamide. Even though
the most basic site for tertiary sulfonamides, such as N,N,N’,N’-tetraethylsulfamide (Figure 3.2c),
were also the nitrogen atoms of the sulfonamide group, these sulfonamides did not produce the
diagnostic product ions. It is assumed that steric hindrance is coming into play and preventing
the DMA molecule from attacking the tertiary sulfonamide at the right positions.

Figure 3.2 Predicted proton affinities and the site of protonation for (a) 4-hydroxybenzenesulfonamide, (b) N-hydroxybenzenesulfonamide, (c) N,N,N’,N’-tetraethylsulfamide, (d)
4-aminomethylbenzenesulfonamide, (e) acetazolamide, (f) dorzolamide, (g) prontosil, (h) 1, 2, 4triaminobenzene, and (i) sulfanilamide. All proton affinities are in kcal/mol.
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Figure 3.3 Proposed reaction mechanism for the formation of a stable DMA adduct and
elimination of NH3 upon reaction of protonated primary sulfonamides with DMA (in MeOH).
“TS” means transition state. Quantum chemical calculations were performed by Professor John J.
Nash.

The mechanism for the formation of the diagnostic product ion for primary sulfonamides
is proposed in Figure 3.3. Proton transfer to DMA is first observed which leads to the formation
of a stable adduct. Next, the proton gets transferred to one of the oxygen atoms of the
sulfonamide functionality. The nucleophilic nitrogen atom of DMA then attacks the sulfur atom.
This process forms a new adduct. Through a concerted mechanism, a NH3 molecule is eliminated
and the diagnostic product ion is formed. The calculated potential energy surface suggests that
this mechanism is feasible.
Further reactions with additional primary sulfonamides revealed that exceptions to this
method do exist. As seen in Figure 3.4, when 4-aminomethylbenzenesulfonamide, acetazolamide,
and dorzolamide were allowed to react with DMA (in MeOH), the diagnostic elimination of a
NH3 molecule from the DMA adduct was not observed for these primary sulfonamides. Taking a
look at the predicted site of protonation for these three primary sulfonamides showed that the
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most basic site for these compounds was not the nitrogen atom of the sulfonamide functionality
(Figure 3.2d-f).
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Figure 3.4 MS/MS spectra measured after 500 ms reaction of protonated 4-aminomethylbenzenesulfonamide (m/z 187), acetazolamide (m/z 223), and dorzolamide (m/z 325) with DMA
(in MeOH). Due to a low-mass cutoff protonated DMA was not observable. These mass spectra
revealed that exceptions to this method do exist and not all primary sulfonamides produce the
diagnostic products.

After discovering that exceptions do exist and occur when the most basic site is not the
nitrogen atom of the sulfonamide group, sulfonamides were explored computationally first to
predict whether a diagnostic reaction will occur before performing ion/molecule reactions. This
technique was applied to the prodrug prontosil. Prontosil itself has no biological activity but after
metabolism produces an inactive 1, 2, 4-triaminobenzene metabolite and an active sulfanilamide
drug.1 As seen in Figure 3.2g, prontosil should not produce the diagnostic product ion, since the
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most basic site is not the nitrogen atom of the sulfonamide group. However, the
pharmacologically active sulfanilamide drug is predicted to show the diagnostic product, as seen
in Figure 3.2i.
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Figure 3.5 MS/MS spectra measured after 500 ms reaction of protonated prontosil (m/z 292), 1, 2,
4-triaminobenzene (m/z 124), and sulfanilamide (m/z 173) with DMA (in MeOH). Due to a lowmass cutoff protonated DMA was not observable for protonated prontosil and sulfanilamide.
Only sulfanilamide formed the diagnostic product upon reactions with DMA (in MeOH).

As predicted, the prodrug prontosil did not produce any unique products and only formed
a DMA adduct upon reactions with DMA (in MeOH) (Figure 3.5). Since the 1, 2, 4triaminobenzene metabolite was not a sulfonamide it only produced the commonly observed
products. The active sulfanilamide drug, on the other hand, did form the diagnostic product ion,
which corresponds to the elimination of a NH3 molecule from the DMA adduct. These findings
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matched the computational predictions and suggest that these reactions can be predicted before
performing the ion/molecule reactions.

3.4

Conclusions
A tandem mass spectrometric method utilizing functional group selective ion/molecule

reactions in a LQIT mass spectrometer has been demonstrated to be able to identify the primary
and secondary sulfonamide functionalities in protonated analytes. Upon reactions with DMA (in
MeOH), primary and secondary sulfonamide functionalities produced characteristic [DMA
adduct-NH2R]+ products that were not seen from analytes containing various other
functionalities. Protonated alcohol, aldehyde, amide, amine, acetate ester, benzoate ester,
carboxamide, carboxylic acid, ether, hydroxylamine, ketone, N-oxide, phenol, sulfone, and
sulfoxide compounds yielded only protonated DMA, MeOH adduct, and/or DMA adduct product
ions. Further, it was observed that the site of protonation plays a big role in whether diagnostic
products will form for primary and secondary sulfonamides. For this to happen, the most basic
site needs to be the nitrogen atom of the sulfonamide functionality. The results obtained from the
prodrug prontosil and its non-active and active metabolites demonstrated that primary and
secondary sulfonamides can be explored computationally prior to performing ion/molecule
reactions to determine whether diagnostic products will form.
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CHAPTER 4.
DIFFERENTIATING ISOMERIC DEPROTONATED
GLUCURONIDE DRUG METABOLITES VIA ION/MOLECULE
REACTIONS IN TANDEM MASS SPECTROMETRY

4.1

Introduction
Glucuronidation is a common metabolic pathway of drug metabolism for xenobiotic

drugs and endobiotic compounds.1 Glucuronidation is catalyzed by the superfamily of UDPglucuronosyltransferase (UGT) enzymes that transfer glucuronic acid from uridine 5’diphosphoglucuronic acid (UDP-GlcA) to target substrates.2 Glucuronidation occurs on
functional groups that contain a nucleophilic O- or N-atom, such as amino and hydroxyl groups.3
Even parent drugs that do not possess such groups can have O- and/or N-atoms added through
prior oxidative metabolism, making them susceptible to glucuronidation.4,5 When a parent drug
contains both O- and N-heteroatoms, glucuronidation can occur at either site, which can produce
isomeric glucuronide metabolites. For instance, carvedilol (1), used for treatment of hypertension,
angina, and congestive heart failure, contains three sites susceptible to glucuronidation (2-4)
(Scheme 4.1).2,5

Scheme 4.1 Carvedilol (1) and its possible O-glucuronide (2) and N-glucuronide (3 and 4)
metabolites.
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More than 20% of current drugs are glucuronidated by UGTs to produce water soluble
glucuronide metabolites that are more easily excreted in bile or urine.6 Glucuronidation shortens
the half-life of drugs,7 which is often compensated for by administering a higher dosage of the
drug. This, however, can lead to undesirable side-effects.8 Knowing the glucuronidation site
allows targeted chemical modifications of the drug to prohibit glucuronidation and thus
improving the efficacy of the drug.8 The various approaches appearing in the literature for the
identification of the glucuronidation sites of drugs containing both O- and N-heteroatoms are
limited in scope and practicality. For example, selective acetylation of the hydroxyl and/or amino
groups within a glucuronide has been explored for identification of the site of glucuronidation
based on the number of acetyl groups added.2 However, this approach, which requires timeconsuming isolation and derivatization of the metabolite, has only been proven reliable for
carvedilol.5 In another study, the pH stability of

14

C-labeled glucuronides was used to

differentiate O- and N-glucuronides.4,9 Although this method is simple, the extensive
modification of glucuronides by radiolabeling limits its application to high-throughput analysis.
While NMR is the gold standard for elucidating the structures of organic molecules, it requires
high quantities of relatively pure compound, and therefore is not suitable for elucidating the
structures of trace compounds in complex metabolite mixtures.10
Mass spectrometry (MS) combined with chromatography is a powerful approach for
identifying minor components of complex mixtures. However, electron ionization mass
spectrometry often requires authentic compounds for unambiguous identification and even then
sometimes fails to differentiate isomeric ions. The same is true for tandem mass spectrometry
(MS/MS) based on collision-activated dissociation (CAD). For example, the major fragmentation
pathway for both positively and negatively charged glucuronides corresponds to the elimination
of the glucuronyl moiety, thus hindering the differentiation of isomeric glucuronides.2,11 On the
other hand, gas-phase ion/molecule reactions have been successfully utilized in MS/MS
experiments to elucidate the structures of many isomeric compounds that cannot be differentiated
by CAD,12–29 including drug metabolites. We report here the discovery of a novel reaction
between trichlorosilane (HSiCl3) and deprotonated O- and N-glucuronides that can be used for
the unambiguous differentiation of glucuronide positional isomers.
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4.2

Experimental
Darunavir O-β-D-glucuronide was purchased from Sussex Research (Ottawa, ON,

Canada). 4-Nitrophenol O-β-D-glucuronide and trichlorosilane were purchased from SigmaAldrich (St. Louis, MO, USA). The remaining O- and N-glucuronides were purchased from
Toronto Research Chemicals (Toronto, ON, Canada). Liquid chromatography/mass spectrometry
(LC/MS) grade methanol and water were obtained from Fisher Scientific (Pittsburg, PA, USA).
All purchased chemicals were used as received.
The experiments were carried out in a Thermo Scientific linear quadrupole ion trap
(LQIT) mass spectrometer (LTQ, Thermo Scientific, San Jose, CA, USA) modified with an
external reagent mixing manifold.18 The LQIT mass spectrometer was equipped with an
electrospray ionization (ESI) source operated in the negative ion mode. The analyte samples
were prepared in methanol at a concentration of 1.0 mg/mL. The samples were introduced into
the ESI source through a syringe drive at a rate of 20 µL/min. Using a Thermo Scientific
Surveyor MS Pump Plus, a 50/50 (v/v) methanol/water solvent mixture was tee-infused with the
analyte sample at a rate of 100 µL/min to stabilize the ESI spray. The deprotonated glucuronides
were isolated in the ion trap with an isolation width of 2 mass units and allowed to react with
HSiCl3 for 30 – 100 ms.
HPLC-MS was performed on a Thermo Surveyor HPLC with LTQ detector. The sample
was injected via an auto-sampler with full-loop injection (25 µL). The mobile phase used was
water (A) and methanol (B), both containing 0.1% formic acid. The column used was an Agilent
ZORBAX SB-C18 5 µm 4.6 × 250 mm column (Santa Clara, CA, USA). The eluents were
subsequently ionized by ESI in negative ion mode and the selected ions were isolated and
allowed to react with the neutral reagent for 30 – 100 ms.
All density functional calculations were performed at the M06-2X/6-311++G(d,p)//M062X/6-311++G(d,p) level of theory using the Gaussian 09 program.30 All transition state
structures were confirmed to possess exactly one negative eigenvalue corresponding to the
reaction coordinate. Intrinsic reaction coordinate (IRC) calculations were performed for all
transition states. The free energies used to construct the potential energy surfaces were calculated
using ideal gas statistical mechanics.
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4.3

Results and Discussion
As this was a highly collaborative project, I would like to first acknowledge my

colleagues Zaikuan Yu and Edouard Niyonsaba for their assistance in running experiments and
Dr. Mckay Easton for performing all of the quantum chemical calculations.
The reactions of more than 30 deprotonated O- and N-glucuronides with the HSiCl3
reagent were studied. Reactions of all deprotonated O-glucuronides and some N-glucuronides
generate a HSiCl3 adduct that has lost one HCl molecule ([M-H+HSiCl3-HCl]ˉ) as a primary
product ion (Tables 4.1 and 4.2). Due to the existence of trace levels of water in the ion trap, this
primary product ion is sometimes partially hydrolyzed to form a secondary product ion ([MH+HSiCl3-HCl-Cl+OH]ˉ). Also, a simple HCl adduct ([M-H+HCl]ˉ) is sometimes formed due to
the generation of HCl via decomposition of HSiCl3 upon reaction with water in the ion trap.
Importantly, only deprotonated N-glucuronides yield a diagnostic dominant HSiCl3 adduct that
has lost two HCl molecules ([M-H+HSiCl3-2HCl]ˉ). This reaction allows the differentiation of
O- and N-glucuronides. In the case of some N-glucuronides, reaction with HSiCl3 also produced
an adduct that has lost three HCl molecules ([M-H+ HSiCl3-3HCl]ˉ).
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Table 4.1 Primary product ions and their branching ratios along with their observed secondary
product ions for reactions of deprotonated O-glucuronides with HSiCl3.
O-Glucuronides
(m/z of deprotonated
analyte)

1o ionic reaction products (m/z)
and their branching ratiosa
2o ionic reaction products

Structures

4-Nitrophenol
O-β-ᴅ-glucuronide
(314)

[M-H+HCl]ˉ (350)
9%
[M-H+HSiCl3-HCl]ˉ (412) 91%
[M-H+HSiCl3-HCl-Cl+OH]ˉ(394)b

2-Aminophenol
O-β-ᴅ-glucuronide
(284)

[M-H+HCl]ˉ (320)
29%
[M-H+HSiCl3-HCl]ˉ (382) 71%
[M-H+HSiCl3-HCl-Cl+OH]ˉ(364)b

Dopamine
4-O-β-ᴅ-glucuronide
(328)

O
HO
HO

O
O

O

OH
HO

NH2

[M-H+HCl]ˉ (364)
10%
[M-H+HSiCl3-HCl]ˉ (426) 90%
[M-H+HSiCl3-HCl-Cl+OH]ˉ(408)b

Carvedilol
O-β-ᴅ-glucuronide
(581)

[M-H+HCl]ˉ (617)
22%
[M-H+HSiCl3-HCl]ˉ (679) 78%
[M-H+HSiCl3-HCl-Cl+OH]ˉ(661)b

Darunavir
O-β-ᴅ-glucuronide
(722)

[M-H+HCl]ˉ (758)
1%
[M-H+HSiCl3-HCl]ˉ (820) 99%
[M-H+HSiCl3-HCl-Cl+OH]ˉ(802)b

4-Hydroxytamoxifen
O-β-ᴅ-glucuronide
(562)

[M-H+HCl]ˉ (598)
74%
[M-H+HSiCl3-HCl]ˉ (660) 26%
[M-H+HSiCl3-HCl-Cl+OH]ˉ(642)b

a
Branching ratios were obtained after reaction with HSiCl3 for 100 ms. bPartial hydrolysis of [M-H+HSiCl3-HCl]ˉ
forms [M-H+HSiCl3-HCl-Cl+OH]ˉ.
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Table 4.2 Primary product ions and their branching ratios along with their observed secondary
product ions for reactions of deprotonated N-glucuronides with HSiCl3.
N-Glucuronides
(m/z of deprotonated
analyte)

Structures

1o ionic reaction products (m/z)
and their branching ratiosa
2o ionic reaction products

Meprobamate
N-β-ᴅ-glucuronide
(393)

[M-H+HSiCl3-2HCl]ˉ (455) 94%
[M-H+HSiCl3-HCl]ˉ (491) 6%

Dapsone
N-β-ᴅ-glucuronide
(423)

[M-H+HCl]ˉ (459)
2%
[M-H+HSiCl3-2HCl]ˉ (485) 97%
[M-H+HSiCl3-HCl]ˉ (521) 1%

Rasagiline
N-β-ᴅ-glucuronide
(346)

[M-H+HCl]ˉ (382)
25%
[M-H+HSiCl3-2HCl]ˉ (408) 53%
[M-H+HSiCl3-HCl]ˉ (444) 22%
[M-H+HSiCl3-HCl-Cl+OH]ˉ(426)b

Carvedilol
N’-β-ᴅ-glucuronide
(581)

[M-H+HCl]ˉ (617)
5%
[M-H+HSiCl3-2HCl]ˉ (643) 71%
[M-H+HSiCl3-HCl]ˉ (679) 24%
[M-H+HSiCl3-3HCl]ˉ (607)

Darunavir
N-β-ᴅ-glucuronide
(722)

[M-H+HSiCl3-2HCl]ˉ (784) 75%
[M-H+HSiCl3-HCl]ˉ (820) 25%
[M-H+HSiCl3-3HCl]ˉ (748)

4-Hydroxytamoxifen
N-β-ᴅ-glucuronidec
(562)

[M-H+HCl]ˉ (598)
59%
[M-H+HSiCl3-HCl]ˉ (660) 41%
[M-H+HSiCl3-HCl-Cl+OH]ˉ(642)b

Branching ratios were obtained after reaction with HSiCl3 for 100 ms. bPartial hydrolysis of [M-H+HSiCl3-HCl]ˉ
forms [M-H+HSiCl3-HCl-Cl+OH]ˉ. cDoped with a base to promote deprotonation.
a
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Above product ions enabled the differentiation of, for example, deprotonated isomeric
carvedilol O- and N’-β-ᴅ-glucuronides (Figure 4.1). As for all other O- and N-glucuronides, [MH+HSiCl3-HCl]ˉ was formed for deprotonated carvedilol O-β-ᴅ-glucuronide and carvedilol N’β-ᴅ-glucuronide upon reaction with HSiCl3. However, deprotonated carvedilol N’-β-ᴅglucuronide also formed a diagnostic product ion [M-H+HSiCl3-2HCl]ˉ as well as [MH+HSiCl3-3HCl]ˉ. The latter product ion ([M-H+ HSiCl3-3HCl]ˉ) was determined to be a
secondary product of the primary product ion [M-H+ HSiCl3-2HCl]ˉ based on an examination of
the reaction kinetics (Figure 4.2).
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Figure 4.1 Mass spectra measured after 30 ms reaction of deprotonated carvedilol O-β-Dglucuronide (Top) and carvedilol N’-β-D-glucuronide (Bottom) with HSiCl3. The chlorine
isotopes support the identification of the products. Due to the existence of trace levels of water in
the ion trap, the primary product ion [M-H+HSiCl3-HCl]ˉ is sometimes partially hydrolyzed to
form a secondary product ion ([M-H+HSiCl3-HCl-Cl+OH]ˉ). Also, a simple HCl adduct ([MH+HCl]ˉ) is sometimes formed due to the generation of HCl via decomposition of HSiCl3 upon
reaction with water in the ion trap.
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Figure 4.2 A semilogarithmic plot of the relative abundances of the deprotonated carvedilol N’β-D-glucuronide [M-H]ˉ and its product ions upon reaction with HSiCl3 as a function of time.
The reaction was monitored every 5 ms between 0.03 ms and 500 ms.

Quantum chemical calculations were performed to obtain insights into the mechanisms of
the reactions of HSiCl3 with deprotonated glucuronides. Based on the calculations, the reactions
are initiated by binding of HSiCl3 to the carboxylate group of the deprotonated O- or Nmethylglucuronide or glucuronic acid, generating a covalently bound pentacoordinated silicon
anion that is in close proximity to the 4-OH group (Figure 4.3). The electron withdrawing nature
of the chloro-substituents in HSiCl3 enhances the electrophilicity of the silicon atom, which
promotes hypervalency and also enhances the reactivity of the Si-Cl bonds.31–33 In the second
step, a chloride anion cleaves off from the silicon atom and forms a hydrogen bond with the 4OH group (indicated by O in Figure 4.3) of the O- or N-methylglucuronide or glucuronic acid,
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concerted with formation of a Si-O bond. Elimination of an HCl molecule yields the ionic
product [M-H+ HSiCl3-HCl]ˉ (Figure 4.3).

Figure 4.3 Calculated potential free energy surface for the reaction of HSiCl3 with deprotonated
glucuronic acid (black) and O- (red) and N-glucuronides (blue) via addition followed by
elimination of one HCl molecule at the O4 position (indicated by O). Calculations were
performed at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of theory; free energies,
listed in kcal/mol, are relative to the deprotonated analyte and HSiCl3.

Calculations further suggest that the formation of the diagnostic product ion [MH+HSiCl3-2HCl]ˉ only for deprotonated secondary N-glucuronides can be explained by an
alternate pathway that is in competition with the formation of the primary product ion [MH+HSiCl3-HCl]ˉ. This new pathway begins with addition of a glucuronide anion to the silicon
atom in a conformation wherein the ring oxygen (as opposed to the 4-OH) is nearby, as shown in
the pathway in Figure 4.4 (this conformation is more stable than that shown in Figure 4.3). This
is followed by the breaking of a Si-Cl bond followed by bond formation between the chloride
anion and the hydrogen atom bound to the anomeric nitrogen of the N-glucuronides (Figure 4.4).
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Figure 4.4 Calculated potential free energy surfaces for the reactions of HSiCl3 with
deprotonated glucuronic acid (black) and deprotonated methyl N-glucuronide (blue) via addition
followed by elimination of two HCl molecules (note that the product complex is not shown).
Calculations were performed at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of
theory; free energies, listed in kcal/mol, are relative to the separated deprotonated analyte and
HSiCl3.

Hydrogen chloride is then eliminated in concert with opening of the ring and formation of
two bonds, a C=N bond at the anomeric position and an O-Si bond with the endocyclic oxygen
(Figure 4.4). The flexibility afforded by the ring opening enables a nucleophilic hydroxyl group
to attack the silicon atom. According to calculations, the kinetically most favorable attack
involves the O2 atom (indicated by O in Figure 4.4). This leads to a concerted breaking of a SiCl bond and formation of a Si-O bond, which accounts for the loss of the second HCl molecule.
The importance of ring-opening is substantiated by the fact that underivatized deprotonated
glucuronic acid also produces the characteristic [M-H+HSiCl3-2HCl]ˉ product ion upon reaction
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with HSiCl3 since deprotonated glucuronic acid can undergo ring-opening via the same
mechanism as deprotonated N-glucuronides (Figure 4.4). In contrast, in the case of deprotonated
O-glucuronides, the lack of a proton bound to the anomeric oxygen suppresses ring-opening and
subsequent formation of [M-H+HSiCl3-2HCl]ˉ product ions. Instead, they exclusively form the
[M-H+HSiCl3-HCl]ˉ product ions as shown in Figure 4.3. Notably, it is not the mere presence of
a second protic nucleophilic group that causes the second loss of HCl in the pathway shown in
Figure 4.4. Even for deprotonated O-glucuronides with nearby protic nucleophilic groups (e.g.,
2-aminophenol, dopamine, and carvedilol O-β-ᴅ-glucuronides, shown in Table 4.1), no [MH+HSiCl3-2HCl]ˉ product ion was observed. The robustness of this method is demonstrated by
having no false positive or negative results among the over ten N- and over twenty Oglucuronides studied here.
A deviation from above behavior was observed for deprotonated tertiary N-glucuronides.
They do not have a hydrogen atom bound to the anomeric atom but they nevertheless form the
characteristic [M-H+HSiCl3-2HCl]ˉ product ion. This observation demonstrates that
deprotonated tertiary N-glucuronides can undergo ring-opening despite the absence of a
hydrogen atom at the anomeric nitrogen atom. A feasible mechanism for this ring-opening
involves donation of a lone pair of electrons on the nitrogen atom to form a triply charged
iminium ion (Scheme 4.2). This is followed by similar steps as shown above for secondary Nglucuronides (Figure 4.4). Although the oxygen atoms of O-glucuronides have lone pairs of
electrons that might enable ring opening, the poor stability of the resulting oxonium ion (as
compared to an iminium ion for tertiary N-glucuronides) prevents the reaction.
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Scheme 4.2 Possible mechanism for the reaction of HSiCl3 with deprotonated tertiary Nglucuronides via addition followed by elimination of two HCl molecules.

Quaternary N-glucuronides that have been doped with a base to yield an overall negative
charge do not have a lone pair of electrons at the nitrogen atom, which inhibits ring opening and
formation of the diagnostic [M-H+HSiCl3-2HCl]ˉ product ion (Scheme 4.3). Fortunately,
quaternary N-glucuronides can be distinguished from O- and other N-glucuronides by being
easily ionized in positive ion mode but not in negative ion mode without a base dopant.

Scheme 4.3 Cationic quaternary N-glucuronides have no electron lone pairs on nitrogen to
facilitate ring opening.
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To demonstrate the practicality of above analytical approach, an HPLC/LQIT was
equipped with a reagent mixing manifold to carry out HPLC/MS/MS experiments based on
ion/molecule reactions. A mixture of six glucuronidated drug metabolites consisting of two pairs
of isomers, carvedilol and darunavir O- and N-β-ᴅ-glucuronides, as well as acetaminophen O-βᴅ-glucuronide and dapsone N-β-ᴅ-glucuronide, were separated by reverse-phase HPLC (Figure
4.5). The eluted compounds were subsequently ionized by ESI in negative ion mode in the LQIT,
isolated in the ion trap and allowed to react with HSiCl3 for 30 ms. The presence or absence of
the diagnostic [M-H+HSiCl3-2HCl]ˉ product ion was used to differentiate N-glucuronides from
O-glucuronides. As carvedilol is a racemic mixture, two peaks eluting at 29.2 and 30.8 min were
identified as diastereomeric carvedilol O-β-ᴅ-glucuronides. Notably, carvedilol N’-β-ᴅglucuronide was found in the valley between these two peaks. The observation of glucuronic
acid (eluted at 5.5 min) is likely due to hydrolysis of N-glucuronides, which is known to occur
under acidic conditions.4 More remarkably, darunavir O- and N-β-ᴅ-glucuronides were
unambiguously identified even though the HPLC resolution was not high enough to resolve the
two peaks.
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Figure 4.5 Reconstructed HPLC/MS/MS-ion/molecule reaction ion chromatogram of 10-20 µM
model compound mixture. Monitoring ions of m/z 193, 326, 423, 581, and 722. HPLC analysis
was performed using an analytical C18 column (4.6 × 250 mm) and gradient elution (solution A:
0.1% formic acid in water; solution B: 0.1% formic acid in methanol; flow rate: 4 mL min-1; B%:
5–80% within 40 min).

4.4

Conclusions
In conclusion, unambiguous differentiation of O- and N-glucuronides was achieved by

gas-phase ion/molecule reactions of deprotonated glucuronides with HSiCl3 in a quadrupole ion
trap mass spectrometer. The diagnostic [M-H+HSiCl3-2HCl]ˉ product ion was only observed for
deprotonated secondary and tertiary N-glucuronides. A mechanism that likely underlies the
formation of the diagnostic primary product ion was identified via quantum chemical
calculations. Coupling of this ion/molecule reaction with HPLC/MS/MS demonstrates the
practicality of this approach in high throughput analysis of complex metabolite mixtures.
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CHAPTER 5.
INTEGRATION OF A MULTICHANNEL PULSED
VALVE INLET SYSTEM TO A LINEAR QUADRUPOLE ION TRAP
MASS SPECTROMETER FOR THE RAPID CONSECUTIVE
INTRODUCTION OF MULTIPLE REAGENTS FOR THE
IDENTIFICATION OF SEVERAL FUNCTIONALITIES VIA
ION/MOLECULE REACTIONS

5.1

Introduction
Tandem mass spectrometry (MSn) utilizing collision-activated dissociation (CAD) is the

technique of choice for the structural elucidation of ionized compounds.1,2 However, in cases
where the fragmentation patterns for ionized isomeric compounds are very similar, identification
becomes impossible. Gas-phase ion/molecule reactions have been used extensively in the past
for solving complex analytical problems.3 These reactions have been used to probe the structures
of organic compounds and biomolecules.4 One major area of focus for ion/molecule reactions is
in the identification of functional groups in organic compounds. Compounds containing amido,5
carboxylic acid,6,7 epoxide,8 N-oxide,9–13 sulfone,7,14,15 and sulfoxide functionalities,12,16 have
been identified using this technique. More importantly, isomeric compounds, such as primary,
secondary and tertiary amines,17 can be differentiated with gas-phase ion-molecule reactions.
Neutral reagents for ion/molecule reactions can be introduced into a mass spectrometer
via a continuous flow or through a pulsed inlet system.4 The continuous flow method has been
widely used and has been adapted to many types of mass spectrometers. These instruments
include triple quadrupoles, pentaquadrupoles, Fourier-transform ion cyclotron resonance (FTICR) mass spectrometers, three-dimensional quadrupole ion traps (3-D QITs), linear quadrupole
ion traps (LQITs), ion mobility mass spectrometers, and hybrid mass spectrometers.6,18–30 Since
the reagent is introduced continuously and maintained at a constant pressure inside of the mass
spectrometer, reaction rates can be directly measured and can offer insights on reaction
mechanisms. However, this approach can lead to unwanted ion/molecule reactions during further
MSn experiments involving CAD of the ion-molecule reaction products.20 This can produce
additional ions that can complicate the CAD spectrum. This approach is also limited to the use of
one reagent at any given time which prevents high-throughput screening. To avoid above issues,
reagents can be pulsed into a mass spectrometer for ion/molecule reactions. This approach has
been successfully demonstrated in the past with the incorporation of a pulsed valve to a FT-ICR

71
mass spectrometer and to a 3-D QIT.4,26,27,31–34 A downside to this method is that reaction
kinetics cannot be readily measured.
All of the above pulsed methods only incorporated a single pulsed valve for reagent
introduction.4,26,27,31–34 Our group has developed a pulsed valve inlet system that incorporated
three pulsed valves for the introduction of three reagents.35 That system allowed for the
consecutive introduction of three different reagents into a mass spectrometer for rapid gas-phase
ion/molecule reactions during a high performance liquid chromatography (HPLC) separation. A
new pulsed valve inlet system is reported here for the introduction of up to nine different
reagents or reagent systems for ion/molecule reactions that can also be linked to a HPLC
separation.

5.2

Experimental
2-Methoxypropene, dimethyl disulfide, diethylmethoxyborane, trimethyl borate, dimethyl

ketone, trichlorosilane, trimethoxymethylsilane, tris(dimethylamino)borane, benzhydroxamic
acid, glycyl-glycine, hexanoic acid, 4-hydroxybenzenesulfonamide, nitrosobenzene, benzoic acid,
and dimethyl sulfone were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dimethylamine
dissolved in methanol was obtained from Tokyo Chemical Industry Co., Ltd. (Portland, OR,
USA), carvedilol N’-β-ᴅ-glucuronide was obtained from Toronto Research Chemicals (Toronto,
Ontario, Canada), and albendazole sulfoxide was obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). Liquid chromatography/mass spectrometry (LC/MS) grade water and
acetonitrile were obtained from Fisher Scientific (Pittsburg, PA, USA). All chemicals were used
as received.
The studies were conducted on a Thermo Scientific LQIT mass spectrometer (LTQ,
Thermo Scientific, San Jose, CA, USA) equipped with an atmospheric pressure chemical
ionization (APCI) source and an electrospray ionization (ESI) source operated in both positive
and negative ion modes.36 The mass spectrometer was coupled with a Thermo Surveyor Plus
HPLC system that included a HPLC pump, autosampler, and photodiode array (PDA) detector.
The instrument operated on Xcalibur 2.2 and LTQ Tune software.
For direct injection experiments, samples were prepared in methanol at a concentration of
1.0 mg/mL and were introduced directly into the ion sources through a syringe drive at a rate of
25 µL/min. With the ESI source, a 50/50 (v/v) methanol/water solvent mixture was tee-infused
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with the analyte sample at a rate of 100 µL/min by using a Thermo Scientific Surveyor MS
Pump Plus to stabilize the ESI spray. The APCI source conditions were as follows: 300 oC
vaporizer temperature, 275 oC capillary temperature, 30 arbitrary units sheath gas (N2) flow, 10
arbitrary units auxiliary gas (N2) flow, and a 4.0 kV discharge voltage maintained with a 5.0 μA
discharge current. The ESI source conditions were the following: 275 oC capillary temperature,
30 arbitrary units sheath gas (N2) flow, 10 arbitrary units auxiliary gas (N2) flow, and a 2.0 µA
spray current maintained with a 4.0 kV spray voltage. The capillary voltage, tube lens voltage
and voltages for the ion optics were optimized using the automated tuning feature of the
instrument, LTQ Tune Plus, for the low mass range from m/z 15 to m/z 200 and for the normal
mass range from m/z 50 to m/z 500 for both ion sources.
For HPLC-MS experiments, samples were injected via an auto-sampler using partial loop
injection (10 µL). The mobile phase solvents used were water (A) and acetonitrile (B), both
containing 0.5% (w/v) ammonium formate to encourage protonation and enhance HPLC
resolution. The column used was a ZORBAX SB-C18 (4.6 × 250 mm, 5 µm particle size)
column purchased from Agilent Technologies (Santa Clara, CA, USA). The eluate was
subsequently ionized and the analyte ions were isolated and allowed to react with the neutral
reagent(s) for 30 ms.

5.3

Results and Discussion
The goal of this study was to design, build, and test a nine-pulsed valve inlet system that

allows examination of gas-phase ion molecule reactions involving several different reagents on a
HPLC separation time scale. Neutral reagents were introduced into the trapping region of the
mass spectrometer via this new pulsed valve inlet system. The pulsed valve system was
interfaced to the mass spectrometer via the back plate of the instrument. The experimental setup
is depicted in Figure 5.1. The pulsed valve assembly consisted of nine pulsed valve “stems” that
plugged into a manifold wheel that was mounted to a modified back plate (Figure 5.2). Each
pulsed valve stem was constructed with a two-way valve, a tee-connector with an Ultra-Torr
fitting that housed a rubber septum, and a Series 9 pulsed valve (Parker Hannifin, Cleveland, OH,
USA) that had an exit orifice of 0.060 inch. A plunger was installed onto the manifold wheel to
allow for the easy removal of each stem without the need to vent the instrument during
maintenance of the pulsed valves. When the plunger is pressed in, all nine pulsed valve stems are
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blocked off from the instrument. This allows each stem to be removed from the manifold wheel
without breaking the instruments vacuum. A Granville-Phillips Series 203 variable leak valve
(MKS Instruments, Andover, MA, USA) was also installed onto the pulsed valve assembly to
introduce a constant flow of helium through the manifold wheel. Neutral reagents were
introduced into each pulsed valve stem by injection of ~5 μL of a pure regent via a syringe
through the injection port.

LabVIEW Program

Pulsed Valve Driver

Instrument
Trigger

Pulsed Valve
Assembly
Back of Instrument
Rough Pump

Figure 5.1 Experimental setup for the pulsed valve inlet system. This system includes the pulsed
valve assembly, pulsed valve driver, and LabVIEW program.
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Valve
Pulsed
Valve

Injection
Port

Manifold
Wheel

Plunger

Pulsed
Valve Stem

Back Plate
Variable
Leak Valve

Figure 5.2 (Top) Pulsed valve assembly that consists of nine pulsed valve “stems” that plug into
a manifold wheel that is mounted to a modified back plate. Each pulsed valve stem is constructed
of a two-way valve, a tee-connector with an Ultra-Torr fitting that houses a rubber septum, and a
Series 9 pulsed valve. (Bottom) Top view of the pulsed valve assembly displaying the plunger.
When the plunger is pressed in, all 9 valves are blocked off from the instrument.
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A custom program used to build pulse sequences was developed using the LabVIEW
platform (National Instruments, Austin, TX, USA) by the Jonathan Amy Facility for Chemical
Instrumentation (JAFCI, Purdue University, West Lafayette, IN, USA). The open-time of each
pulse valve and the time delay between the pulses were entered into the program. The LabVIEW
program allowed the generation of nine channels (A-I), one for each pulsed valve (A-I). A
typical pulse sequence is depicted in Figure 5.3 for the open-time of all nine pulsed valves.

Pulsed Valves

E

D
C

F
G

Vacuum
Region

B
A

H
I

~150 μs

A
B
C
D
E
F
G
H
I

1s
~150 μs
~2 s
~150 μs
~3 s
~150 μs
~4 s
~150 μs
~5 s
~150 μs
~6 s
~150 μs
~7 s
~150 μs
~8 s
~150 μs
~9 s

Figure 5.3 A typical pulse sequence for the introduction of 9 different reagents or reagent
systems into a LQIT mass spectrometer for gas-phase ion/molecule reactions. A-I represent the
pulsed valve positions. The pulse time for each valve is 150 μs and is defined as the time the
pulsed valves are opened. A 1 second delay is used between the events when pulsed valves are
open to allow the reagents to pump out before the next reagent is introduced.

76
The LabVIEW program was linked to a high voltage pulsed valve driver (built by JAFCI)
wherein all nine pulsed valves were also connected to the driver (Figure 5.1). The high voltage
pulsed valve driver had an output of approximately 300 V to each pulsed valve according to the
sequence set in the LabVIEW program. The pulsed valves were triggered manually via the
LabVIEW program or automatically by using a signal obtained from the mass spectrometer. For
automatic triggering, a signal was abstracted from the digital board of the instrument upon
execution of an experimental event, such as ion isolation, activation, or scan out. Any of these
events can be selected as a trigger from the LTQ Tune Plus software. This signal was sent to the
LabVIEW program where the pulse sequence was initiated (Figure 5.1).
The reagents where introduced into the mass spectrometer sequentially, as depicted in
Figure 5.3. A 1 second delay was placed into the sequence prior to the opening of the first pulsed
valve (A). This was done so that if the sequence was repeated, there would be a 1 second delay
between closing the last pulsed valve in the end of a sequence and opening the first pulsed valve
in the beginning of a new sequence. The open time was defined by the pulse time that was set in
the LabVIEW program (i.e., 150 μs). A 1 second delay was used between opening each pulsed
valve. This allowed time for the reagents to be pumped out of the ion trap before the next reagent
was introduced. Upon manual triggering, the pulse sequence ended after the last pulsed valve
was closed. However, in automatic triggering, the sequence is repeated until the experimental
event has concluded.
The most important aspect that needed to be addressed was the residence time of each
reagent in the trapping region of the LQIT mass spectrometer. This is the main factor that
determines the number of reagents that can be used in the pulsed valve system during a HPLC
separation. Ideal reagents being used in the pulsed valve system should be reasonably volatile.
Each reagent needs to be pumped out from the instrument prior to the introduction of the next
reagent.
In order to minimize the time a reagent stays in the ion trap, a high voltage pulsed valve
driver, shortened travel distance between the pulsed valve and the entrance into the vacuum
region, and a variable leak valve that supplied helium through the manifold wheel of the pulsed
valve assembly were employed. The high voltage pulsed valve driver supplied approximately
300 V to each pulsed valve. This allowed the valves to open and close much faster than in the
previously published three-pulsed valve device,35 thus the amount of reagent pulsed into the
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mass spectrometer was more controllable. Also, since the tubing connecting the pulsed valve to
the interface of the instrument was shortened in the new device, the amount of dead space was
reduced, which enabled the reagent to enter the mass spectrometer faster. A variable leak valve
was used to introduce helium at a constant flow through the manifold wheel of the pulsed valve
assembly. Under normal operating conditions, the ion gauge of the instrument read
approximately 0.70 x 10-5 Torr but was increased and maintained at 1.75 x 10-5 Torr with the
addition of helium flowing through the manifold wheel. As the pulsed valve was opened and
then closed, diffusion of the reagent through the tubing was slowed down as the pulsed valve
was closed. With helium flowing through the manifold wheel, the reagent was carried along the
helium stream and into the instrument.
Trimethyl borate (TMB) was used to compare the residence time of a reagent in the ion
trap when using the previous pulsed-valve system and the new nine-pulsed valve system. For the
previously used pulsed valve system, TMB was observed to remain in the instrument for
approximately 6 seconds.35 To test the new system, benzoic acid was injected into an APCI
source and protonated. TMB was loaded into one of the pulsed valve stems and was manually
triggered 6 times with a 1 second delay between each pulse by using the LabVIEW program. An
optimal pulse time of 110 μs was determined for the reagent TMB. The experiment was
performed twice, once without helium flowing through the manifold wheel of the pulsed valve
assembly and another time with helium. This was performed to determine whether helium has an
effect on the residence time. As seen in Figure 5.4, when TMB was pulsed into the LQIT, it
reacted with protonated benzoic acid and a product ion corresponding to a TMB adduct that has
lost a methanol molecule ([M+H+TMB-MeOH]+) was observed.37 The current of the product ion
(m/z 195) was monitored over time as TMB was pulsed into the instrument (Figure 5.4, a and b).
The signal corresponding to the product ion increased during each reagent pulse but dropped
once the reagent was fully pumped away. It was also observed that helium flowing through the
manifold wheel of the system effected the residence time of the reagent. As seen in Figure 5.4a,
without the use of helium, it took approximately 1.2 seconds for TMB to be fully pumped away.
When helium was used, the residence time of TMB was about 0.9 seconds, which corresponds to
a 25% improvement. More importantly, the residence time in the new pulsed valve set-up was
only 0.9 seconds compared to the 6 seconds observed for the old system.35
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Figure 5.4 (a) Monitoring the current of the product ion (m/z 195) as TMB was pulsed into the
instrument and allowed to react with protonated benzoic acid. TMB was pulsed into the
instrument 6 times with a 1 second delay between each pulse. A constant flow of helium was not
introduced through the manifold wheel of the pulsed valve assembly. (b) Monitoring the current
of the product ion (m/z 195) as a constant flow of helium was introduced through the manifold
wheel of the pulsed valve assembly. (c) MS/MS spectrum measured for the reaction of TMB
with protonated benzoic acid. The residence time of TMB was found to be 1.2 seconds without
the use of helium and 0.9 seconds with the use of helium.

To ensure that the delay time after a reagent was pulsed into the ion trap was long enough
before the introduction of a new reagent, the residence time of each reagent being used was
determined. The reagents included 2-methoxypropene (MOP),38 dimethyl disulfide (DMDS),9
diethylmethoxyborane (DEMB),22 trimethoxymethylsilane (TMMS),7 dimethyl ketone (DMK),39
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tris(dimethylamino)borane (TDMAB),12 dimethylamine (DMA), and trichlorosilane (HSiCl3).
Following the same procedure used to obtain the residence time of TMB, the above reagents
were allowed to react with protonated or deprotonated compounds that are known to produce a
unique product ion with the reagent. MOP, DMDS, DEMB, TMMS, DMK, TDMAB, DMA, and
HSiCl3 were allowed to react with protonated benzhydroxamic acid, nitrosobenzene, hexanoic
acid, dimethyl sulfone, glycyl-glycine, albendazole sulfoxide, 4-hydroxybenzenesulfonamide,
and deprotonated carvedilol N’-β-ᴅ-glucuronide, respectively (Figures 5.5-5.12). The majority of
the reagents resided in the ion trap for less than 1 second with the exception of DMA, which
resided in the ion trap for approximately 4 seconds. The residence time of each reagent is
summarized in Table 5.1.
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Figure 5.5 (a) Monitoring the current of the product ion (m/z 178) as MOP was pulsed into the
instrument and allowed to react with protonated benzhydroxamic acid. MOP was pulsed into the
instrument 6 times with a 1 second delay between each pulse. (b) MS/MS spectrum measured for
the reaction of MOP with protonated benzhydroxamic acid. The residence time of MOP was
found to be 0.8 second.
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Figure 5.6 (a) Monitoring the current of the product ion (m/z 139) as DMDS was pulsed into the
instrument and allowed to react with protonated nitrosobenzene. DMDS was pulsed into the
instrument 6 times with a 1 second delay between each pulse. (b) MS/MS spectrum measured for
the reaction of DMDS with protonated nitrosobenzene. The residence time of DMDS was found
to be 0.8 second.
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Figure 5.7 (a) Monitoring the current of the product ion (m/z 185) as DEMB was pulsed into the
instrument and allowed to react with protonated hexanoic acid. DEMB was pulsed into the
instrument 6 times with a 1 second delay between each pulse. (b) MS/MS spectrum measured for
the reaction of DEMB with protonated hexanoic acid. The residence time of DEMB was found to
be 0.6 second.
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Figure 5.8 (a) Monitoring the current of the product ion (m/z 199) as TMMS was pulsed into the
instrument and allowed to react with protonated dimethyl sulfone. TMMS was pulsed into the
instrument 6 times with a 1 second delay between each pulse. (b) MS/MS spectrum measured for
the reaction of TMMS with protonated dimethyl sulfone. The residence time of TMMS was
found to be 0.9 second.
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Figure 5.9 (a) Monitoring the current of the product ion (m/z 173) as DMK was pulsed into the
instrument and allowed to react with protonated glycyl-glycine. DMK was pulsed into the
instrument 6 times with a 1 second delay between each pulse. (b) MS/MS spectrum measured for
the reaction of DMK with protonated glycyl-glycine. The residence time of DMK was found to
be 0.9 second.
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Figure 5.10 (a) Monitoring the current of the product ion (m/z 380) as TDMAB was pulsed into
the instrument and allowed to react with protonated albendazole sulfoxide. TDMAB was pulsed
into the instrument 6 times with a 1 second delay between each pulse. (b) MS/MS spectrum
measured for the reaction of TDMAB with protonated albendazole sulfoxide. The residence time
of TDMAB was found to be 0.6 second.
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Figure 5.11 (a) Monitoring the current of the product ion (m/z 202) as DMA was pulsed into the
instrument and allowed to react with protonated 4-hydroxybenzenesulfonamide. DMA was
pulsed into the instrument 6 times with a 2 second delay between each pulse. (b) MS/MS
spectrum measured for the reaction of DMA with protonated 4-hydroxybenzenesulfonamide.
The residence time of DMA was found to be 4 seconds.
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Figure 5.12 (a) Monitoring the current of the product ion (m/z 643) as HSiCl3 was pulsed into the
instrument and allowed to react with deprotonated carvedilol N’-β-ᴅ-glucuronide. HSiCl3 was
pulsed into the instrument 6 times with a 1 second delay between each pulse. (b) MS/MS
spectrum measured for the reaction of HSiCl3 with deprotonated carvedilol N’-β-ᴅ-glucuronide.
The residence time of HSiCl3 was found to be 0.9 second.

Table 5.1 The residence time of each reagent after being introduced into the ion trap by using the
new pulsed valve set-up. The reagents were allowed to react with protonated or deprotonated
analytes that are known to produce a unique product ion with the reagent. The residence time of
each reagent was determined by monitoring the presence of the product ion(s).
Reagent (MW)
2-Methoxypropene (72)
(MOP)
Dimethyl disulfide (94)
(DMDS)
Diethylmethoxyborane (100)
(DEMB)
Trimethyl borate (104)
(TMB)
Trimethoxymethylsilane (136)
(TMMS)
Trichlorosilane (134)
(HSiCl3)
Dimethyl ketone (58)
(DMK)
Tris(dimethylamino)borane (143)
(TDMAB)
Dimethylamine (45)
(DMA)

Analyte (MW)

Residence Time of
the Reagent (s)

Benzhydroxamic acid (137)

0.8

Nitrosobenzene (107)

0.8

Hexanoic acid (116)

0.6

Benzoic acid (122)

0.9

Dimethyl sulfone (94)

0.9

Carvedilol N’-β-ᴅ-glucuronide (582)

0.9

Glycyl-glycine (132)

0.9

Albendazole sulfoxide (281)

0.6

4-Hydroxybenzenesulfonamide (173)

4.0
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Knowing the residence time of each reagent allowed for optimization of the pulse/delay
sequence. Since the majority of the reagents remained in the ion trap for less than 1 second, the
sequence depicted in Figure 5.3 could be used to introduce all 9 reagents consecutively in an
experiment. If the sequence depicted in Figure 5.3 was to be repeated continuously, like it would
be during automatic triggering, the delay time after DMA is pulsed into the mass spectrometer
would have to be increased from 1 second to 4 seconds to allow time for DMA to be pumped out.
The sequence depicted in Figure 5.3 was triggered manually in an ion/molecule reaction
experiment. The 9 reagents were allowed to react with protonated benzoic acid as each reagent
was sequentially pulsed into the mass spectrometer. The reagents were loaded in the following
order: MOP, DMDS, DEMB, TMB, TMMS, HSiCl3, DMK, TDMAB, and DMA in pulsed valve
positions A-I, respectively. From the list of reagents being used, only DEMB, TMB, and TMMS
formed MS/MS product ions unique for protonated carboxylic acids (Table 5.2).7,22,37 Proton
transfer, adduct formation, and/or no reactions have been observed for MOP, DMDS, TDMAB,
and DMA.9,12,38 HSiCl3 and DMK39 are reagents specific for the differentiation of O- and Nglucuronides and probing the structures of peptides, respectively. Reactions of these two reagents
and protonated carboxylic acids have not been studied.
As seen in Figure 5.13, after isolating protonated benzoic acid (m/z 123), the 9 reagents
where sequentially pulsed into the ion trap according to the sequence in Figure 5.3 and reagent
order described above. Only the reagents that were known from previous studies7,22,37 to react
with protonated carboxylic acids (DEMB, TMB, and TMMS) produced unique MS/MS
ion/molecule reaction product ions upon reactions with protonated benzoic acid. DEMB formed
the MS/MS product ions [M+H+DEMB-MeOH]+ and [M+H+DEMB-MeOH+DEMB-MeOH]+.
TMB and TMMS produced the MS/MS product ions [M+H+TMB-MeOH]+ and [M+H+TMMSMeOH]+, respectively. These MS/MS product ions are highlighted with a green circle (●) in
Figure 5.13. A summary of the observed product ions formed during ion/molecule reactions with
the 9 reagents and protonated benzoic acid are shown in Table 5.2. Above experiment
demonstrates the use of multiple reagents for the identification of a specific functionality.
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Figure 5.13 (a) MS/MS spectrum of isolated protonated benzoic acid (m/z 123) ionized via APCI.
(b) Monitoring the current of the product ions (m/z 73, 191, 195, 227, 181, 144, and 155) as (A)
MOP, (B) DMDS, (C) DEMB, (D) TMB, (E) TMMS, (F) HSiCl3, (G) DMK, (H) TDMAB, and
(I) DMA were sequentially pulsed into the LQIT in the order from A to I and allowed to react
with protonated benzoic acid. (C) MS/MS spectra measured after isolation and reaction of
protonated benzoic acid with the neutral reagents. A-I represents the pulsed valve positions.
Unique MS/MS product ions specific for the carboxylic acid functionality are highlighted with a
green circle (●).
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Table 5.2 Observed MS/MS product ions upon reactions of MOP, DMDS, DEMB, TMB, TMMS,
HSiCl3, DMK, TDMAB, and DMA with protonated benzoic acid as each reagent was
sequentially pulsed into the ion trap.
Pulsed valve
position

Reagent
(MW)

Observed MS/MS product ions (m/z) upon
reactions with benzoic acid

A

2-Methoxypropene
MOP
(72)

Protonated MOP (73)

B

Dimethyl disulfide
DMDS
(94)

No Reaction Products

C

Diethylmethoxyborane
DEMB
(100)

DEMB Adduct-MeOHa (191)
DEMB Adduct-MeOH+DEMB-MeOHa (259)

D

Trimethyl borate
TMB
(104)

TMB Adduct-MeOHa (195)

E

Trimethoxymethylsilane
TMMS
(136)

Protonated TMMS (137)
TMMS Adduct-MeOHa (227)

F

Trichlorosilane
HSiCl3
(134)

No Reaction Products

G

Dimethyl ketone
DMK
(58)

Protonated DMK (59)
DMK Dimer (117)
DMK Adduct (181)

H

Tris(dimethylamino)borane
TDMAB
(143)

Protonated DMA (46)
Protonated TDMAB (144)

I

Dimethylamine
DMA
(45)

Protonated DMA (46)
MeOH Adduct (155)

a

MS/MS product ions specific for the carboxylic acid functionality.

The manual introduction of 9 different reagents using the newly designed pulsed valve
inlet system was demonstrated above. Manual introduction of the reagents is fine when a single
analyte is being analyzed. However, for complex mixtures eluting from a HPLC, the ability to
automatically trigger the pulsed valves is a necessity. In order to automatically trigger the valves,
a signal that tells the LabVIEW sequence to initiate the pulse sequence is required. This signal
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was obtained by selecting a trigger event in the LTQ Tune Plus software. The trigger event used
here was ion isolation. During ion isolation, the isolated ion was also allowed to react with the
introduced reagent(s) for 30 ms. Upon isolation of an ion, a signal from the LQIT mass
spectrometer was received by the LabVIEW software that then initiated the pulse sequence that
was entered into the program. The sequence was repeated until the experimental event (ion
isolation followed by a 30 ms reaction time) was completed. The experimental event continued
until the eluting analyte ion from the HPLC was completely gone.
Automatic triggering was demonstrated with the reaction between HSiCl3 and
deprotonated carvedilol N’-β-ᴅ-glucuronide (Figure 5.14). As carvedilol N’-β-ᴅ-glucuronide
eluted from the HPLC it was ionized by negative mode ESI. Once introduced into the mass
spectrometer, deprotonated carvedilol N’-β-ᴅ-glucuronide was isolated. This automatically
triggered a LabVIEW sequence, which introduced HSiCl3 into the ion trap. The sequence used
included a 1 second delay after ion isolation followed by a 150 μs pulse of HSiCl3. The sequence
was repeated until ion isolation followed by a 30 ms reaction time ended. Ion isolation followed
by reaction concluded when deprotonated carvedilol N’-β-ᴅ-glucuronide was not present
anymore. Figure 5.14 shows the (a) extracted ion current for deprotonated carvedilol N’-β-ᴅglucuronide, (b) extracted ion current for the diagnostic product ion (m/z 643) corresponding to
[M-H+HSiCl3-2HCl]+, and (c) mass spectrum measured as HSiCl3 was pulsed into the ion trap.
This experiment demonstrates the compatibility of this pulsed valve inlet system with a HPLC
chromatographic time scale.
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Figure 5.14 Reactions of HSiCl3 with deprotonated carvedilol N’-β-ᴅ-glucuronide as it eluted
from a HPLC. (a) HPLC/MS chromatogram monitoring the extracted ion current of deprotonated
carvedilol N’-β-ᴅ-glucuronide (m/z 581). (b) HPLC/MS chromatogram monitoring the extracted
ion current for the diagnostic product ion [M-H+HSiCl3-2HCl]- (m/z 643) formed as HSiCl3 was
pulsed into the ion trap and allowed to react with deprotonated carvedilol N’-β-ᴅ-glucuronide. (c)
MS/MS spectrum measured for the reaction of HSiCl3 with deprotonated carvedilol N’-β-ᴅglucuronide.

5.4

Conclusions
A multichannel pulsed valve inlet system was designed, built, and tested on a LQIT mass

spectrometer for ion-molecule reaction studies. This new pulsed valve inlet system allows for the
rapid introduction of up to nine different reagents or reagent systems for gas-phase ion/molecule
reactions as long as the reagents used are volatile. When using TMB to compare the residence
time of a reagent in the ion trap when using the previous pulsed-valve system and the new ninepulsed valve system, the residence time in the new pulsed valve set-up was found to be only 0.9
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seconds compared to the 6 seconds observed for the old system.35 Manual triggering of the
pulsed valves demonstrated that 9 different reagents can be used to probe different functionalities.
Moreover, automatic triggering of the pulsed valves was demonstrated for analytes eluting from
a HPLC.

.
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Gas-phase ion–molecule reactions for the identification of the
sulfone functionality in protonated analytes in a linear
quadrupole ion trap mass spectrometer
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RATIONALE: The oxidation of sulfur atoms is an important biotransformation pathway for many sulfur-containing drugs.

In order to rapidly identify the sulfone functionality in drug metabolites, a tandem mass spectrometric method based on
ion–molecule reactions was developed.
METHODS: A phosphorus-containing reagent, trimethyl phosphite (TMP), was allowed to react with protonated analytes
with various functionalities in a linear quadrupole ion trap mass spectrometer. The reaction products and reaction
efﬁciencies were measured.
RESULTS: Only protonated sulfone model compounds were found to react with TMP to form a characteristic
[TMP adduct–MeOH] product ion. All other protonated compounds investigated, with functionalities such as sulfoxide,
N-oxide, hydroxylamino, keto, carboxylic acid, and aliphatic and aromatic amino, only react with TMP via proton transfer
and/or addition. The speciﬁcity of the reaction was further demonstrated by using a sulfoxide-containing antiinﬂammatory drug, sulindac, as well as its metabolite sulindac sulfone.
CONCLUSIONS: A method based on functional group-selective ion–molecule reactions in a linear quadrupole ion trap
mass spectrometer has been demonstrated for the identiﬁcation of the sulfone functionality in protonated analytes.
A characteristic [TMP adduct–MeOH] product ion was only formed for the protonated sulfone analytes. The applicability
of the TMP reagent in identifying sulfone functionalities in drug metabolites was also demonstrated. Copyright © 2016
John Wiley & Sons, Ltd.

Rapid identiﬁcation of drug metabolites, degradation
products, and impurities is crucial in the drug discovery
and development process since some of them are toxic.[1–3]
Analytical techniques, such as nuclear magnetic resonance
(NMR) spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy, and X-ray crystallography, can be utilized to
obtain information on functional groups and elemental
connectivity in an analyte.[4–6] However, compounds that
are present in only small quantities in complex mixtures
are difﬁcult to identify using the above methods.
Tandem mass spectrometry (MS/MS) has evolved to be a
powerful technique for mixture analysis due to its high
sensitivity, selectivity and speed.[7,8] Single-stage mass
spectrometry (MS) can provide the molecular mass and
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elemental composition of the ionized analytes, while
MS/MS utilizing collision-induced dissociation (CID) can
provide structural information for ionized unknown
analytes.[9] When the functionalities of ionized analytes
cannot be deﬁnitively determined by CID alone, an
alternative MSn technique based on ion–molecule reactions
can be utilized to obtain structural information.[10] We have
successfully developed methods based on ion–molecule
reactions to identify various functional groups in ionized
analytes.[11–21] Several neutral reagents have been
investigated extensively, including boron- and oxygencontaining organic reagents with good leaving groups.[11–21]
However, phosphorus-containing neutral reagents have
been rarely studied. The only report to have appeared thus
far focused on the identiﬁcation of the amino functionality
as well as differentiation of primary, secondary and tertiary
protonated amino functionalities by using diethyl
methylphosphonate and hexamethylphosphoramide.[22] In
this case, proton transfer and adduct formation are the two
major reaction pathways.[22]
Oxidized sulfur functionalities, such as sulfone and
sulfoxide, are common in drug metabolites.[23] Only a few
MS/MS studies based on CID of ionized sulfones and
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sulfoxides have been published. None of them showed
sulfone- or sulfoxide-speciﬁc fragmentation patterns.[24–27]
In an effort to enable identiﬁcation of sulfur-containing
functionalities in drug metabolites, we recently reported a
boron-containing reagent (trimethyl borate, TMB) that
allows the identiﬁcation of protonated sulfone analytes[19]
and an oxygen-containing reagent (2-methoxypropene,
MOP) for the identiﬁcation of protonated sulfoxide
analytes.[20] TMB was found to yield a diagnostic product

ion, adduct–Me2O, upon reaction with protonated sulfone
analytes while MOP was found to yield stable adducts for
protonated sulfoxides and N-oxides. Sulfoxides can be
identiﬁed based on their higher reaction efﬁciencies.
While the above results are encouraging, more than one
reagent is desirable for the correct identiﬁcation of each
functionality in order to avoid problems caused by false
positive and negative results. In this study, a phosphoruscontaining reagent, trimethyl phosphite (TMP), was examined

Table 1. Reaction products (m/z values and branching ratios) and efficiencies for the reactions of protonated sulfones and
sulfoxides with TMP (PA = 222.2 kcal/mol[33])
Reagent
(m/z of [M+H]+)

a

PA
(kcal/mol)

Product ions (m/z) and
their branching ratios

Reaction efficiency

[19]

206.3

Protonated TMP (125)
Adduct - MeOH (309)

72%
28%

90%

201.4[19]

Protonated TMP (125)
Adduct - MeOH (249)

74%
26%

76%

203.7[19]

Protonated TMP (125)
Adduct - MeOH (271)

98%
2%

94%

194.6a

Protonated TMP (125)
Adduct - MeOH (187)

75%
25%

98%

198.3[19]

Protonated TMP (125)
Adduct - MeOH (213)

71%
29%

90%

205.0[19]

Protonated TMP (125)
Adduct - MeOH (309)

94%
6%

59%

200.9a

Protonated TMP (125)
Adduct - MeOH (289)
Adduct (321)

29%
7%
64%

58%

202.9a

Protonated TMP (125)
Adduct - MeOH (250)
Adduct (282)

96%
3%
1%

89%

220.1[19]

Protonated TMP (125)
Adduct (287)

96%
4%

87%

222.5[19]

Protonated TMP (125)
Adduct (327)

95%
5%

73%

211.3[33]
210.5a

Protonated TMP (125)
Adduct (203)

98%
2%

101%

227.9a

Protonated TMP (125)
Adduct (290)

1%
99%

3%

Calculated at the B3LYP/6-31G++(d,p) level of theory.
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as a potential additional reagent for the identiﬁcation of sulfurcontaining functionalities. It was found to form characteristic
[TMP adduct–MeOH] ions only upon reactions with protonated
sulfone analytes. Thus, it can be used for differentiation of
sulfone functionalities from many other functional groups,
including sulfoxide, hydroxylamino, N-oxide, aniline, amino,
keto and carboxylic acid. The reaction speciﬁcity was
further demonstrated by studying a sulfoxide-containing
anti-inﬂammatory drug, sulindac, as well as its metabolite,
sulindac sulfone.

EXPERIMENTAL
Chemicals
All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Their purities were ≥98%. All chemicals were used
without further puriﬁcation.
Instrumentation
All mass spectrometry experiments were performed using
an LTQ linear quadrupole ion trap (LQIT; Thermo Scientiﬁc,
Waltham, MA, USA) equipped with an atmospheric
pressure chemical ionization (APCI) source. The analytes
were dissolved in methanol with a ﬁnal concentration of
0.01–1 mg/mL. The sample solutions were introduced into
the mass spectrometer by direct infusion at a ﬂow rate of
20 μL/min by using a syringe drive. The APCI source
was operated in positive ion mode. The temperatures for
the vaporizer and transfer capillary were set at 300 °C
and 275 °C, respectively. Nitrogen was used as the sheath
gas and auxiliary gas, with the ﬂow rate maintained at 30
and 10 arbitrary units, respectively. The voltages for the
ion optics were optimized for each individual analyte by
using the tune feature of the LTQ Tune Plus interface. The
normal mass range (m/z 50–500) was used for all the
experiments, while the low mass range (m/z 20–200) was
used for examination of the exothermic proton-transfer
reaction between protonated methanol and the reagent
(TMP). The type of manifold used to introduce the reagent
was ﬁrst described by Gronert.[28,29] A diagram of the exact
manifold used in this research was published by Habicht
et al.[13] This manifold setup passes the gas through the
He splitter of the LQIT. TMP was introduced into
the manifold via a syringe pump at 10 μL/h. A known ﬂow
rate of helium gas (0.8 L/h) was used to carry TMP into
the mass spectrometer. The syringe port and surrounding
area were heated to ~70 °C to ensure evaporation of
TMP.[30] A leak valve (Granville-Phillips, Chelmsford, MA,
USA) was used to control the amount of the reagent
introduced into the instrument, while another leak valve
(Granville-Phillips) controlled the amount of helium
diverted to waste.[31] A typical nominal pressure (read-out
on the ion gauge) of TMP in the ion trap during the
experiments was 0.6 × 10–5 Torr.
Kinetics
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Efficiency ¼

 


Mi MðPTÞ þMn 1=2 PnðPTÞ
slopeðIMÞ
*
*
*100
PnðIMÞ
slopeðPTÞ MðPTÞ ðMi þMn Þ
(1)

Figure 1. A mass spectrum measured after 100 ms reaction of
protonated dibenzothiophene sulfone with TMP in the LQIT
instrument (*secondary product of protonated TMP
corresponding to a protonated TMP dimer that has lost a
methane molecule).

Copyright © 2016 John Wiley & Sons, Ltd.
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After the analytes had been ionized by protonation in the
APCI source, the protonated analytes were selected using
an isolation window of 2 m/z units. The isolated ions were

allowed to react with the reagent TMP for variable periods
of time. In the course of ion–molecule reactions, the
concentration of the neutral reagent is in great excess of that
of the ion of interest. Therefore, the pressure of TMP can be
considered as a constant, and the reactions follow pseudoﬁrst-order kinetics. The reaction efﬁciency corresponds to
the fraction of ion–molecule collisions that leads to the
formation of products. The reaction efﬁciency, kreaction/
kcollision, was calculated by measuring the rate of each
ion–molecule reaction (IM) and the rate of the highly
exothermic
proton-transfer
reaction
(PT)
between
protonated methanol and the reagent (TMP) under
identical conditions. The above rates were measured by
determining the relative abundances of the reactant ion
and product ions as a function of reaction time. In a
semi-logarithmic plot of the ion abundances as a function
of time, the decay slope of the reactant ion corresponds
to the rate constant, k, multiplied by the neutral reagent’s
concentration. Assuming that the exothermic protontransfer reaction (PT) between protonated methanol and
TMP proceeds at collision rate kcollision (this can be
calculated by using a parameterized trajectory theory[32]),
the efﬁciencies of the ion–molecule reactions can be
obtained by using Eqn. (1). The reaction efﬁciency is based
on the ratio of the slopes of the two reactions studied,
i.e., k reaction[TMP] = slope (IM), kcollision[TMP] = slope
(PT), wherein [TMP] = TMP concentration. It is obvious
that there is no need to measure the concentration of TMP
as it cancels out in the calculation. In addition, the reaction
efﬁciency is dependent on the masses of the ion (Mi), the
reagent (Mn), and methanol (M(PT)), as well as on the
pressure read by an ion gauge for the reagent during
the ion–molecule reaction (Pn(IM)) and the proton-transfer
reaction (Pn(PT)).
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Table 2. Reaction products (m/z values and branching ratios) and efficiencies for reactions between protonated N-oxides,
ketones, hydroxylamines, carboxylic acids, and aliphatic and aromatic amines with TMP (PA = 222.2 kcal/mol[33])
Reagent
(m/z of [M+H]+)

a

PA
(kcal/mol)

Product ions (m/z) and
their branching ratios

Reaction
efficiency

220.6[33] 217.7a

Protonated TMP (125)
Adduct (220)a

98%
2%

94%

225.3[33]

Protonated TMP (125)
Adduct (270)

66%
34%

10%

201[33]

Protonated TMP (125)

100%

110%

210.0[33]

Protonated TMP (125)
Adduct (307)

98%
2%

91%

218.6[33]

Protonated TMP (125)
Adduct (214)

97%
3%

87%

215.9[33]

Protonated TMP (125)
Adduct (240)

95%
5%

94%

206.7[33]

Protonated TMP (125)

100%

71%

200.7a

Protonated TMP (125)

100%

78%

207.5a

Protonated TMP (125)
Adduct (304)

98%
2%

95%

220.2[33]

Protonated TMP (125)
Adduct (198)

95%
5%

30%

223.3[33]

Protonated TMP (125)
Adduct (224)

94%
6%

86%

210.9[33] 209.0a

Protonated TMP (125)

100%

53%

214.4a

Protonated TMP (125)
Adduct (294)

97%
3%

46%

Calculated at the B3LYP/6-31G++(d,p) level of theory.
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Table 3. Reaction products (m/z values and branching ratios) and efficiencies for reactions of protonated sulindac and
sulindac sulfone with TMP (PA = 222.2 kcal/mol[33])
Reagent
(m/z of [M+H]+)

PA[34]
(kcal/mol)

224

203

Product ions (m/z) and
their branching ratios

Reaction efficiency

Protonated TMP (125)
Adduct (481)

89%
11%

Protonated TMP (125)
Adduct - MeOH (465)
Adduct (497)

75%
9%
16%

53%

78%

RESULTS AND DISCUSSION
In an effort to search for additional reagents that would allow
the mass spectrometric identiﬁcation of sulfur-containing
functionalities in protonated analytes via ion–molecule
reactions, trimethyl phosphite (TMP) was selected because
its proton afﬁnity (PA) (220 kcal/mol[33]) is close to that of
sulfoxides (~220 kcal/mol[19]) and higher than that of sulfones
(~205 kcal/mol[19]). This should allow the TMP to deprotonate
protonated sulfoxides and sulfones, which is usually the
ﬁrst step in functional-group-selective ion–molecule
reactions. [11–22] As shown in Table 1, proton transfer was
the major reaction for both protonated sulfones and
protonated sulfoxides. However, protonated sulfones showed
characteristic [TMP adduct–MeOH] product ions. A mass
spectrum measured after 100 ms reaction of protonated

Rapid Commun. Mass Spectrom. 2016, 30, 1435–1441

dibenzothiophene sulfone with TMP is shown in Fig. 1 as an
example. The most abundant product ion (m/z 125) is formed
by proton transfer. The other product ion (m/z 309)
corresponds to [TMP adduct–MeOH].
In order to probe the selectivity of the above reaction for
protonated sulfones, TMP was allowed to react with other
protonated analytes containing various functional groups,
such as N-oxide, hydroxylamino, keto, carboxylic acid, and
aliphatic and aromatic amino. The reaction products and
efﬁciencies are summarized in Table 2. The main reaction
was proton transfer, and minor addition reactions were
also observed for some protonated analytes, yet no
[TMP adduct–MeOH] product ion was observed.
In order to test whether the above reactivity would also be
observed for multifunctional analytes, the reactions of
protonated sulindac and its oxidation metabolite, sulindac
sulfone, with TMP were examined. Only sulindac sulfone
showed the [TMP adduct–MeOH] product ion (Table 3). The
mass spectra measured after 300 ms reaction of protonated
sulindac and sulindac sulfone with TMP are shown in Fig. 2.
This result demonstrates the utility of this method for the
identiﬁcation of the sulfone functionality in drug metabolites.

Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 2. Mass spectra measured after 300 ms reaction of
protonated sulindac (top) and sulindac sulfone (bottom) with
TMP in the LQIT (*adducts with trimethylphosphate, a minor
impurity in TMP; ** secondary products of protonated TMP
corresponding to the protonated TMP dimer that has lost a
methane or methanol molecule).

Scheme 1. Proposed mechanisms for (a) the formation of a
stable [TMP adduct–MeOH] product ion upon reaction of only
protonated sulfones with TMP and (b) proton transfer upon
reaction of protonated sulfoxides with TMP.
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Based on above observations, a mechanism is proposed for
the formation of the [TMP adduct–MeOH] ion for protonated
sulfones in Scheme 1(a). The selectivity of TMP toward
sulfones is rationalized by a cyclic six-membered transition
state that only protonated sulfones can form with TMP.
Through this transition state, a proton is transferred to a less
basic methoxy group as opposed to the most basic phosphorus
center, resulting in the formation of the [TMP adduct–MeOH]
product ion by displacement of a methanol molecule. For the
other protonated functionalities, such as sulfoxide and
N-oxide, the proton is probably transferred to the most basic
site, the phosphorus center, since these functional groups
cannot form the six-membered transition states possible for
sulfones (Scheme 1(b)).

CONCLUSIONS
A method based on a functional-group-selective ion–molecule
reaction in a linear quadrupole ion trap mass spectrometer has
been demonstrated for the identiﬁcation of the sulfone
functionality in protonated analytes. A phosphorus-containing
reagent, trimethyl phosphite (TMP), can form characteristic
[TMP adduct–MeOH] product ions only when allowed to react
with protonated sulfone analytes. All other protonated
compounds investigated in this study, with functionalities such
as sulfoxide, N-oxide, hydroxylamino, keto, carboxylic acid,
and aliphatic or aromatic amino, react with TMP via proton
transfer and/or addition. The selectivity of TMP toward
protonated sulfones is rationalized by a favorable sixmembered transition state that other analytes cannot form.
The results obtained for sulindac and sulindac sulfone suggest
that this method allows the identiﬁcation of sulfone functional
groups in drug metabolites even in the presence of other
functionalities.
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Identification of Carboxylate, Phosphate, and Phenoxide
Functionalities in Deprotonated Molecules Related to Drug
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and Diethylhydroxyborane
Hanyu Zhu,1 Xin Ma,1 John Y. Kong,1 Minli Zhang,2 Hilkka I. Kenttämaa1
1

Department of Chemistry, Purdue University, West Lafayette, IN, USA
AstraZeneca, Waltham, MA, USA

2

Abstract. Tandem mass spectrometry based on ion–molecule reactions has
emerged as a powerful tool for structural elucidation of ionized analytes. However,
R COO
most currently used reagents were designed to react with protonated analytes,
B
making them suboptimal for acidic analytes that are preferentially detected in negaO
tive ion mode. In this work we demonstrate that the phenoxide, carboxylate, and
O
CH3OH
H2O
phosphate functionalities can be identified in deprotonated molecules by use of a
R
combination of two reagents, diethylmethoxyborane (DEMB) and water. A novel
O
reagent introduction setup that allowed DEMB and water to be separately introduced
B
RO P
into the ion trap region of the mass spectrometer was developed to facilitate fundaOH
HO O
mental studies of this reaction. A new reagent, diethylhydroxyborane (DEHB), was
generated inside the ion trap by hydrolysis of DEMB on introduction of water. Most carboxylates and phenoxides
formed a DEHB adduct, followed by addition of one water molecule and subsequent ethane elimination (DEHB
adduct +H2O − CH3CH3) as the major product ion. Phenoxides with a hydroxy group adjacent to the deprotonation site and phosphates formed a DEHB adduct, followed by ethane elimination (DEHB adduct − CH3CH3).
Deprotonated molecules with strong intramolecular hydrogen bonds or without the aforementioned functionalities, including sulfates, were unreactive toward DEHB/H2O. Reaction mechanisms were explored via isotope
labeling experiments and quantum chemical calculations. The mass spectrometry method allowed the differentiation of phenoxide-, carboxylate-, phosphate-, and sulfate-containing analytes. Finally, it was successfully
coupled with high-performance liquid chromatography for the analysis of a mixture containing hymecromone, a
biliary spasm drug, and its three possible metabolites.
Keywords: Tandem mass spectrometry, Ion-molecule reactions, Acidic analytes, Negative ions
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Introduction

M

ass spectrometry (MS) is a powerful analytical technique for the identification of unknown drug metabolites within complex biological mixtures [1]. Structural information is usually obtained via MS techniques that use multiple
stages of ion isolation and collision-activated dissociation
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(CAD) experiments [2–4]. However, MSn based on CAD does
not always provide adequate structural information for unambiguous assignment of chemical structures [5].
Tandem MS based on ion–molecule reactions allows an
additional dimension of structural information to be obtained
for ionized analytes [6–19]. For instance, functional-groupselective ion–molecule reactions have been developed for the
rapid identification of specific functionalities, such as hydroxy
[10], epoxide [11], amido [12], hydroxylamino [13], N-oxide
[14], sulfoxide [15], and sulfone [16, 17], many of which are
found in active pharmaceutical ingredients and their metabolites. In many cases, this approach has allowed the differentiation of isomeric ions that are not discernable via CAD experiments, making it a powerful structural elucidation tool
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complementary to CAD [18, 19]. Ion–molecule reactions can
be coupled with liquid chromatography for rapid screening of
compounds containing specific functionalities in complex mixtures [20, 21]. However, most of the ion–molecule reactions
developed require the target analyte to be protonated [14].
Therefore, these methods are suboptimal for analytes containing acidic functional groups such as phosphate, sulfate, and
glucuronide, as they are easier to ionize in negative ion mode
[22]. Yet, only a few cases have been examined wherein
deprotonated analytes were allowed to react with neutral reagents [19, 21, 23–25].
Diethylmethoxyborane (DEMB) is known to react with
deprotonated molecules, such as phenoxides and phosphates, inside
mass spectrometers [21, 24]. Deprotonated phosphocarbohydrates
can be differentiated from sulfocarbohydrates as only the former
compounds selectively form DEMB adduct − CH3OH on reaction
with DEMB. However, DEMB cannot be used to identify carboxylates as these compounds do not produce observable products on
reaction with DEMB [21]. In this work we present a novel reagent
introduction system that allowed the independent introduction of
two reagents, DEMB and water. The presence of water resulted in
hydrolysis of DEMB to diethylhydroxyborane (DEHB), which
reacts with deprotonated analytes differently from DEMB. This
system can be used to differentiate multiple commonly observed
acidic functionalities in deprotonated analytes, such as phenoxide,
carboxylate, phosphate, and sulfate.

Method
Chemicals
DEMB (97%), benzoic acid (99.5%), 3,5-dimethoxybenzoic
acid (97%), 3,4,5-trimethoxybenzoic acid (99%), phenylacetic
acid (99%), trans-cinnamic acid (99%), octanoic acid (98%),
heptanoic acid (97%), levulinic acid (98%), D-serine (98%), 2hydroxybenzoic acid (99%), 3-hydroxybenzoic acid (99%), 2hydroxyphenacetic acid (97%), 3-hydroxyphenacetic acid
(99%), 4-methylumbelliferyl β-D-glucuronide hydrate (98%),
phthalic acid (99.5%), isophthalic acid (99%), terephthalic acid
(98%), phenol (99%), 4-ethoxyphenol (99%), catechol (99%),
resorcinol (99%), hydroquinone (99%), 2-hydroxybenzyl alcohol (99%), 3-hydroxybenzyl alcohol (99%), phenylphosphonic
acid (98%), 2-aminoethylphosphonic acid (99%), 4methylumbelliferone (98%), 4-methylumbelliferyl phosphate
(98%), 4-methylumbelliferyl sulfate potassium salt (99%), ptoluenesulfonic acid monohydrate (98.5%), benzenesulfonic acid (98%), morphine 6-β-D-glucuronide solution (1.0 mg/mL in
methanol–water, 2:8), p-acetamidophenyl β-D-glucuronide sodium salt, 4-nitrophenyl β-D-glucuronide (98%), phenolphthalein
β-D-glucuronide, and water-18O (97 atom % 18O) were purchased from Sigma-Aldrich (St Louis, MO, USA) and used as
received. Water [liquid chromatography (LC)–MS grade] was
purchased from ProteoChem (Hurricane, UT, USA) and used as
received. Deuterium oxide (99.5%) was purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA) and used
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as received. For the 4-methylumbelliferone (hymecromone) metabolite mixture, 4-methylumbelliferone, 4-methylumbelliferyl
sulfate potassium salt, 4-methylumbelliferyl phosphate, and 4methylumbelliferyl β-D-glucuronide hydrate were dissolved in
50:50 v/v methanol–water to achieve a final concentration of
0.1 mM for each compound.

Mass Spectrometry
All experiments were performed with a Thermo Scientific
(Waltham, MA, USA) linear quadrupole ion trap mass spectrometer equipped with an electrospray ionization (ESI) source.
Ion generation and detection was performed in negative ion
mode. Analytes were dissolved in 50:50 v/v methanol–water to
a final concentration of 0.5 mM. For phenol-containing
analytes, 5 μL of 1 mM NaOH water solution was added to 2
mL of sample solution to facilitate the formation of the phenoxide ions on ionization. Analyte solutions were directly
injected into the ESI source at a flow rate of 20 μL/min. ESI
parameters were set as follows: spray voltage 3 kV, sheath gas
(N2) flow 10 (arbitrary units), and auxiliary gas (N2) flow 5
(arbitrary units).

Ion–Molecule Reactions
Ion–molecule reactions were studied with use of a combination
of a custom-built external reagent mixing manifold [8, 26] and
a custom-built pulsed valve system [27]. DEMB was injected
into the external reagent mixing manifold via a syringe drive at
a flow rate of 3 μL/min and diluted with helium at a flow rate of
250 mL/min. The manifold was heated to 70 °C for efficient
evaporation of DEMB into helium. The DEMB–helium mixture then entered a variable leak valve that allowed part of the
mixture gas to enter the ion trap while the excess was directed
to waste. The variable leak valve was set to maintain the
pressure within the trap region of the instrument at 0.5 × 10-5
Torr (measured via an ion gauge). For introduction of H2O into
the trap region of the mass spectrometer, 5 μL of H2O was
injected via a syringe through a rubber septum into a stainless
steel channel. The stainless steel channel was heated to 90 °C to
promote water evaporation. A pulsed valve connected to the
stainless steel channel was triggered manually via a waveform
generator to open for 500 μs to allow H2O to enter the linear
quadrupole trap region. Analyte ions were isolated and allowed
to react with the neutral reagents for 200 ms before being
ejected for detection.

High-Performance Liquid Chromatography
High-performance LC (HPLC) experiments were performed
with a Surveyor Plus HPLC system consisting of a quaternary
pump, an autosampler, and a Zorbax SB-C18 column. A nonlinear gradient of water with 5 mmol ammonium acetate (solvent A) and methanol with 5 mmol ammonium acetate (solvent
B) was used: 0.00 min, 100% solvent A; 10.00 min, 70%
solvent A and 30% solvent B; 20.00 min, 60% solvent A and
40% solvent B; 25.00 min, 30% solvent A and 70% solvent B;
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30.00min, 30% solvent A and 70% solvent B; 31.00 min,
100% solvent A; 40.00 min, 100% solvent A. The flow rate of
the mobile phase was kept at 500 μL/min. HPLC eluate then

entered an ESI source operating in negative ion mode with the
following conditions: spray voltage 3.25 kV; sheath gas (N2) flow
50 (arbitrary units), and auxiliary gas (N2) flow 20 (arbitrary units).

Table 1. Product ions detected after 200-ms reaction of analyte ions containing a carboxylate functionality with diethylhydroxyborane (DEHB) and water

Analyte ion

Products formed upon reactions with

Ion structure

(m/z of [M−H]−)
benzoic acid (121)

O

121 + DEHB (207)

O

121 + DEHB + H2O − CH3CH3 (195)

O

3,5-dimethoxybenzoic acid (181)
O
O

3,4,5-trimethoxybenzoic acid

O

(211)

DEHB/H2Oa (m/z)

O
O

phenylacetic acid (135)

O

181 + DEHB (267)

O

181 + DEHB + H2O − CH3CH3 (255)

O

211 + DEHB (297)

O

211 + DEHB + H2O − CH3CH3 (285)
135 + DEHB (221)

O

135 + DEHB + H2O − CH3CH3 (209)

cinnamic acid (147)

O

147 + DEHB (233)

O

147 + DEHB + H2O − CH3CH3 (221)
143 + DEHB (229)

O

octanoic acid (143)

143 + DEHB + H2O − CH3CH3 (217)

O

129 + DEHB (215)

O

heptanoic acid (129)

129 + DEHB + H2O − CH3CH3 (203)

O

O

levulinic acid (115)

115 + DEHB (201)
O

115 + DEHB + H2O − CH3CH3 (189)

O

O

D-serine (104)

HO

104 + DEHB (190)

O

104 + DEHB + H2O − CH3CH3 (178)

NH2

glucuronide (351)

O

O

4-methylumbelliferyl β-D-

HO

4-nitrophenyl β-D-glucuronide
(314)

351 + DEHB (437)

O

HO

O

O

O

NO2
O

HO

glucuronide (326)

O

Data obtained for major product ions are colored red.

O

HO

H
N
O

O

OH

351 + DEHB + H2O − CH3CH3 (425)

314 + DEHB (400)
314 + DEHB + H2O − CH3CH3 (388)

OH

O

HO
a

O

OH

HO

p-acetamidophenyl β-D-

O

O

326 + DEHB (412)
326 + DEHB + H2O − CH3CH3 (400)
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been successfully used in our previous studies [21]. Vibrational
frequency calculations for the optimized geometries were performed at the same level of theory to obtain enthalpy values as
well as to confirm that none of the minima had negative
frequencies and all transition states had one negative frequency. Intrinsic reaction coordinate analyses were performed for

Computational Details
All density functional theory (DFT) calculations were performed with the Gaussian 09 software package [28]. Geometry
optimizations were performed with the hybrid functional M062X with the 6-31+G(d,p) basis set. This level of theory has

Table 2. Product ions detected after 200-ms reactions of analyte ions containing a phenoxide, phosphate, or sulfate functionality with diethylhydroxyborane (DEHB)
and water

Analyte ion
−)

(m/z of [M−H]

Ion structure

4-ethoxyphenol (137)

DEHB/H2Oa (m/z)
91 + DEHB (177)

O

phenol (91)

Products formed upon reactions with

91 + DEHB + H2O − CH3CH3 (165)

O

137 + DEHB (223)

O

137 + DEHB + H2O − CH3CH3 (211)

OH

catechol (109)

109 + DEHB − CH3CH3 (165)

O
HO

resorcinol (109)

hydroquinone (109)

109 + DEHB (195)
O

HO

109 + DEHB + H2O − CH3CH3 (183)
109 + DEHB (195)

O

109 + DEHB + H2O − CH3CH3 (183)

OH

2-hydroxybenzyl alcohol (123)

123 + DEHB − CH3CH3 (179)

O
HO

123 + DEHB (209)

3-hydroxybenzyl alcohol (123)

O

phenylphosphonic acid (157)
2-aminoethylphosphonic acid (124)

123 + DEHB + H2O − CH3CH3 (197)

O
P O
OH

H 2N

157 + DEHB − CH3CH3 (213)

O
P
O
OH

124 + DEHB − CH3CH3 (180)

4-methylumbelliferyl phosphate
(255)

4-methylumbelliferyl sulfate (255)

p-toluenesulfonic acid (171)
benzenesulfonic acid (157)
a

The text DEHB adduct−CH3CH3 is colored red.

O
HO P O
O

O
O S O
O

O

O

O
S O
O
O
S O
O

O

255 + DEHB − CH3CH3 (311)

O

none

none
none

105

H. Zhu et al.: Identification of Carboxylate, Phosphate

2193

all transition states to confirm that they connect to the correct
reactant and product.

Analyte ions containing a phenoxide, carboxylate, phosphate,
or sulfate functionality were generated by negative ion mode
ESI via deprotonation and isolated inside a linear quadrupole
ion trap. Their reactions with DEMB as well as DEHB/H2O
were studied. The observed reactions are summarized in Eqs. 1,
2, 3, 4, 5, and 6 (the products formed on reaction with
DEHB/H2O are highlighted in red):

Results and Discussion

phenoxides + DEMB

ð1Þ

DEMB adduct

phenoxides with adjacent hydroxy groups and phosphates + DEMB

carboxylates and sulfates + DEMB

ð2Þ
ð3Þ

no products

carboxylates and phenoxides + DEMB/H2O

ð4Þ

DEHB adduct + H2O − CH3CH3

phenoxides with adjacent hydroxy groups and phosphates
sulfates + DEMB/H2O

DEMB adduct – CH3OH

DEHB adduct − CH3CH3

ð5Þ
ð6Þ

no products

DEMB was introduced into the ion trap continuously via a
reagent mixing manifold and was maintained at a constant

concentration inside the ion trap, whereas H2O was introduced into
the instrument by the triggering of a pulsed valve when desirable.

Table 3. Product ions detected after 200-ms reaction of analyte ions containing both a carboxylate functionality and another acidic functionality with
diethylhydroxyborane (DEHB) and water

Analyte ion

Products formed upon reactions with

Ion structure

−)

(m/z of [M−H]

O

DEHB/H2Oa (m/z)

OH

phthalic acid (165)

none

O
O
OH

O

165 + DEHB (251)

O

isophthalic acid (165)

165 + DEHB + H2O − CH3CH3 (239)

O

O

terephthalic acid (165)

HO
OH

2-hydroxybenzoic acid (137)

O

165 + DEHB (251)

O

165 + DEHB + H2O − CH3CH3 (239)

O

None

O

HO

O

O

3-hydroxybenzoic acid (137)

OH

2-hydroxyphenylacetic acid

137 + DEHB + H2O − CH3CH3 (211)

O

O
O

H

O

O

none

(151)
3-hydroxyphenylacetic acid

HO

(151)
a

Data obtained for major product ions are colored red.

O

O

O

137 + DEHB (223)

HO

O

151 + DEHB (237)
151 + DEHB + H2O − CH3CH3 (225)
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Without the presence of H2O, DEMB reacted with the
deprotonated analytes in a manner expected from the literature
[21, 24]. In short, phenoxides formed stable DEMB adducts,
whereas phenoxides with a hydroxyl group near the deprotonation site and phosphates formed DEMB adduct − CH3OH
(Table S1). Carboxylates (including benzoates) and sulfates did
not form detectable product ions. When H2O was introduced
into the ion trap in pulses, DEMB was hydrolyzed to DEHB.
Most of ions mentioned yielded detectable product ions on
reaction with DEMB (Tables 1, 2, and 3). Furthermore, phenoxides, carboxylates, and phosphates yielded different product
ions, whereas sulfates were unreactive.
To illustrate the observed reactivity, catechol will be used as
an example. Figure 1 shows mass spectra collected after reactions of deprotonated catechol with the reagents. Deprotonated
catechol (m/z 109) reacted with DEMB by addition accompanied by elimination of CH3OH (m/z 177), as reported earlier
[21]. The abundance of the DEMB adduct − CH3OH product
ion did not change over time, as expected, because DEMB

(a)

concentration was held constant. Triggering of the pulsed valve
caused H2O to enter the ion trap, resulting in an increase in the
abundance of a new product ion (m/z 165) containing boron
(based on boron isotope distribution), which was not observed
before introduction of H2O. This ion was later identified as
DEHB adduct − CH3CH3. At the same time, a corresponding
decrease in the abundances of the analyte ion (deprotonated
catechol of m/z 109) and the DEMB − CH3OH product ion
(m/z 177) was observed. Therefore, it can be concluded that the
formation of the product ion of m/z 165 was reliant on the
introduction of H2O. The mechanism of this reaction is
discussed later.

Formation of DEHB Adduct + H2O − CH3CH3
for Carboxylates and Phenoxides
Most analyte ions containing an aliphatic or aromatic carboxylate functionality did not form observable product ions with
DEMB (Table S1), in agreement with the findings of an earlier
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Figure 1. a Signals for the reactant ion (m/z 109), diethylmethoxyborane (DEMB) product ion (m/z 177), and diethylhydroxyborane
(DEHB)/H2O product ion (m/z 165) over time for reactions of deprotonated catechol (m/z 109) with DEMB and DEMB/H2O (a), and
averaged mass spectra measured before (top) and after (bottom) pulsed introduction of H2O (b)
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study [21]. However, they did undergo reactions after introduction of water, producing two types of product ions (Tables 1
and 3). To elucidate the structures of the product ions and gain
a better understanding of their formation mechanisms,
deprotonated benzoic acid (m/z 121) was allowed to react with
DEMB/H2O, DEMB/D2O, and DEMB/H218O (Figure 2a). For
unlabeled H2O, product ions of m/z 195 and 207 (with a mass
difference of 12 u) were observed, whereas product ions of m/z
197 and 208 (with a mass difference of 11 u) were observed for
D2O, and ions of m/z 199 and 209 (with a mass difference of 10
u) were observed for H218O. These results suggest that the
larger product ions (m/z 207, 208, and 209) contain one hydrogen atom and an oxygen atom that originate from water, and
hence that one hydrogen atom that originates from water has
been eliminated.
These findings are in agreement either with reaction of
DEMB with water to form DEHB via elimination of CH3OH

(containing one hydrogen atom originating from water), which
then forms a stable adduct with the benzoate ion analyte, or
with reaction of the benzoate ion with DEMB to form a stable
adduct that then reacts with water to eliminate a methanol
molecule (containing one hydrogen atom originating from
water). As benzoic acid is unreactive toward DEMB, the former possibility appears likelier. Furthermore, the product
formed on reaction of phenoxides with DEMB, a DEMB
adduct, was found to be unreactive toward water (Fig. S8).
Hence, the observed reactions actually involve the DEHB and
H2O reagent system rather than DEMB and H2O. In the following discussion, terms such as Bproduct ions formed on
reaction with DEHB/H2O^ refer to ions that were observed
only after introduction of H2O.
Further insight into the reaction was obtained by examination of the m/z values of the smaller product ions formed on
reaction of benzoate with DEHB/H2O, DEHB/D2O, and
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Figure 2. a Mass spectrum measured after 200-ms reactions of deprotonated benzoic acid (m/z 121) with DEHB/H2O (left),
DEHB/D2O (middle), and DEHB/H218O (right). Two product ions were observed: an ion of m/z 207/208/209 corresponding to a
stable adduct of deprotonated benzoic acid and DEHB, and an ion of m/z 195/197/199 corresponding to a DEHB adduct + H2O –
CH3CH3. b Proposed mechanism for the formation of DEHB adduct + H2O − CH3CH3 product ion (m/z 195) on reaction of
deprotonated benzoic acid with DEHB/H2O. Hydrogen and oxygen atoms that originate from the H2O reagent are colored blue
and red respectively. c Calculated potential energy surface (enthalpy in kilocalories per mole) for the mechanism shown in b (M062X/6-31G+(d,p) level of theory). The separated reactants correspond to DEHB, benzoate anion, and H2O. The three-dimensional
structures of transition state 1 (TS1) and transition state 2 (TS2) are provided in Fig. S7.
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DEHB/H218O (Figure 2a); that is, m/z 195, 197, and 199
(Figure 2a). The observed m/z values suggest that the smaller
product ions contain two hydrogen atoms and two oxygen
atoms that originate from the H2O reactant.
In light of these findings, a pathway involving two water
molecules is proposed to explain the formation of the two
product ions for carboxylates (Figure 2b). On the basis of this
pathway, the reaction is initiated by the hydrolysis of DEMB to
DEHB. This is followed by addition of DEHB to the analyte
ion to generate a DEHB adduct ion (a stable adduct was
observed for all carboxylates; Table 1), the larger of the two

H. Zhu et al.: Identification of Carboxylate, Phosphate

observed product ions. Reaction of this adduct ion ([M – H +
DEHB]-) with H2O leads to the elimination of an ethane
molecule, yielding the smaller product ion, DEHB adduct +
H2O − CH3CH. DFT calculations were conducted to evaluate
the proposed mechanism (Figure 2c). The highest barrier found
for the formation of DEHB adduct + H2O − CH3CH3 for
benzoate ion was −0.3 kcal/mol, suggesting that the aforementioned mechanism is energetically feasible.
The mechanism requires the presence of a large number of
water molecules in the trap after the pulsed valves have been
opened. Evidence in support of this expectation is as follows.

(a)

(b)

(c)

Figure 3. a Mass spectrum measured after 200-ms reactions of deprotonated catechol (m/z 109) with DEHB/H2O (left), DEHB/D2O
(middle), and DEHB/H218O (right). b Proposed mechanism for the formation of DEHB adduct − CH3CH3 product ion on reactions
between deprotonated catechol and DEHB/H2O. Hydrogen and oxygen atoms that originate from the H2O reactant are colored blue
and red respectively. c Calculated potential energy surface (enthalpy in kilocalories per mole) for the mechanism shown in b (M062X/6-31G+(d,p) level of theory)
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Formation of DEHB Adduct − CH3CH3
for Phenoxides with an Adjacent Hydroxy Group
and Phosphates

When water is introduced into the ion trap in pulses, all reactant
ions disappear from the trap (e.g., see Figure 2), indicating that
all DEMB molecules in the trap at that point have been converted into DEHB molecules. Further, also the product ions
requiring the presence of DEMB have almost entirely disappeared (see Figure 2), providing further support for the absence
of DEMB molecules in the trap immediately after water has
been introduced in pulses. A third piece of evidence comes
from our calculations regarding hydrolysis of DEMB to
DEHB. This hydrolysis is calculated to be feasible only when
two water molecules participate in the transition state (Fig. S3),
thus requiring a very large amount of water in the trap. The
hydrolysis of DEMB is expected to be faster than hydrolysis of
DEHB. If the two reactions had similar kinetics, one would
expect some ethyldihydroxyborane to be formed. The hydroxy
group may stabilize DEHB with respect to hydrolysis.
Most analyte ions containing the phenoxide functionality
also formed a stable DEHB adduct and a DEHB adduct + H2O
− CH3CH3 product ion on reaction with DEHB/H2O (Table 2,
Fig. S1). The results obtained with isotopically labeled water
(D2O and H218O) were analogous to those reported for carboxylates (Fig. S1). Therefore, phenoxides and carboxylates are
assumed to form the DEHB adduct and DEHB adduct + H2O −
CH3CH3 product ions via a similar mechanism (Fig. S1). It is
worth mentioning that the DEHB/H2O reagent system can still
be used to differentiate phenoxides and carboxylates as only
phenoxides form the characteristic DEMB adduct before introduction of H2O as the result of reaction with DEMB [21]
(Fig. S2, Table S1).
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A new product ion, DEHB adduct − CH3CH3, was observed
for deprotonated catechol and deprotonated 2-hydroxybenzyl
alcohol on their reactions with DEHB/H2O (Table 2). Analogous product ion was not observed for deprotonated resorcinol,
hydroquinone, or 3-hydroxybenzyl alcohol, which all have a
hydroxy group that is located further away from the phenoxide
group. Therefore, a hydroxy group adjacent to the phenoxide
group must participate in the formation of this new product ion.
Experiments wherein D2O and H218O were used instead
of H2O revealed that the DEHB adduct − CH3CH3 product
ion contains one hydrogen atom and one oxygen atom from
the H2O reagent (Figure 3a). In addition, the product ion
dissociates back to the analyte ion on CAD (likely via loss
of O=B–CH2CH3), suggesting that the linkage formed between the neutral reagent and the analyte ion is relatively
weak (Fig. S4). A mechanism consistent with these observations was proposed (Figure 3b) and evaluated via DFT
calculations (Figure 3c).
Formation of the DEHB adduct−CH3CH3 product ions was
also observed for phosphates. Also these ions contain a hydroxy group close to the deprotonation site as the deprotonated
phosphate group contains a hydroxy group. A reaction mechanism was proposed on the basis of isotope labeling experiments that confirmed that the DEHB adduct − CH3CH3 observed for deprotonated phenylphosphonic acid contains one
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Figure 4. Top: Mass spectra measured after reactions between (a) deprotonated D-serine with DEHB/H2O for 200 ms, b
deprotonated morphine 6-β-D-glucuronide with DEHB/H2O for 1000 ms, and c deprotonated phenolphthalein β-D-glucuronide with
DEHB/H2O for 200 ms. Bottom: Optimized gas-phase conformations for a deprotonated D-serine (hydrogen bond 1.70 Å), b
deprotonated morphine 6-β-D-glucuronide (hydrogen bond 1.61 Å), and c deprotonated phenolphthalein β-D-glucuronide calculated
with density functional theory at the M06-2X/6-31+(d,p) level
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hydrogen atom and one oxygen atom originating from the H2O
reactant (Fig. S5). Sulfates do not contain a hydroxy group near
the deprotonation site and hence do not yield these product
ions, and sulfates were found to be unreactive toward
DEHB/H2O (Table 2).

False Negative Results Caused by Intramolecular
Hydrogen Bonds
Not all analyte ions that contain the carboxylate or the phenoxide functionality reacted with DEHB/H2O. Deprotonated 2hydroxybenzoic acid, 2-hydroxyphenylacetic acid, and
phthalic acid exhibited no reactivity toward DEHB/H2O,
whereas their isomers, 3-hydroxybenzoic acid, 3-
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hydroxyphenylacetic acid, and isophthalic acid, formed the
DEHB adduct + H2O − CH3CH3 product ions as expected
(Table 3). The analyte ions that showed no reactivity contain
an acidic functionality (phenol or carboxylic acid) near the
deprotonation site. Therefore, the intramolecular hydrogen
bond formed between the acidic functionalities and the deprotonation site likely prevents reactions with DEHB/H2O by
reducing the nucleophilicity of the ions.
This hypothesis is supported by the observation that weaker
intramolecular hydrogen bonds do not prevent reactions. For
example, deprotonated serine forms a hydrogen bond between
its carboxylate and hydroxy groups, yet DEHB adduct + H2O −
CH3CH3 product ions were observed on its reaction with
DEHB/H2O (Figure 4a). This is likely due to hydroxy groups

(a)

(b)

Figure 5. a High-performance liquid chromatogram measured for an artificial mixture of 4-methylumbelliferyl phosphate (1), 4methylumbelliferyl β-D-glucuronide (2), 4-methylumbelliferyl sulfate (3), and 4-methylumbelliferone (4). The total ion signal is plotted
in black. The signals measured for ion–molecule reaction product ions with DEHB/H2O are plotted in red (DEHB adduct − CH3CH3)
and green (DEHB adduct + H2O − CH3CH3). b Mass spectra measured after reactions between the deprotonated analytes [4methylumbelliferyl phosphate (1), 4-methylumbelliferyl β- D -glucuronide (2), 4-methylumbelliferyl sulfate (3), and 4methylumbelliferone (4)] with DEHB/H2O for 200 ms
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being less acidic than phenol or carboxylic acid groups, thus
forming weaker hydrogen bonds [29] that are not strong
enough to prevent reactions with DEHB/H2O.
These observations indicate the possibility of obtaining false
negative results in the identification of the carboxylate functionality for certain analytes. For example, deprotonated morphine 6-glucuronide did not react with DEHB/H2O despite
containing a carboxylate functionality (Figure 4b). DFT calculations revealed that the glucuronide moiety in deprotonated
morphine 6-glucuronide can rotate to a position that forms a
strong hydrogen bond between the carboxylate group and the
phenol group at the 3-position. In contrast, deprotonated phenolphthalein β-D-glucuronide formed the DEHB adduct + H2O
− CH3CH3 product ion as its rigid structure prevents the
formation of a hydrogen bond between its carboxylate and
phenol groups (Figure 4c).

Coupling Ion–Molecule Reaction Methodology
with HPLC
HPLC separation before MS experiments is necessary for the
analysis of mixtures containing isobaric or isomeric analytes.
The feasibility of coupling ion–molecule reaction experiments
involving DEHB/H2O with HPLC was tested with use of an
artificial mixture containing 4-methylumbelliferone
(hymecromone), a choleretic and antispasmodic drug [30],
and its three metabolites: 4-methylumbelliferyl phosphate, 4methylumbelliferyl sulfate, and 4-methylumbelliferyl β-D-glucuronide (Figure 5a). The mixture was separated by reversedphase HPLC, ionized in negative ion ESI mode, and subjected
to ion–molecule reactions with DEHB/H2O for 200 ms. On
elution of each analyte, H2O was introduced into the ion trap in
pulses every 6 s for the duration of the HPLC peak. A typical
HPLC peak was 15–30 s wide. Hence, two to five H2O pulses
were used for each peak. Five to ten individual ion–molecule
reaction experiments were performed within each pulse.
Deprotonated 4-methylumbelliferyl phosphate formed the
characteristic DEHB adduct − CH3CH3 product ion, whereas
its isobar, 4-methylumbelliferyl sulfate, showed no reactivity
(Figure 5b). Both deprotonated 4-methylumbelliferone (contains a phenoxide functionality) and 4-methylumbelliferyl β-Dglucuronide (contains a carboxylate functionality) formed the
DEHB adduct − CH3CH3 product ion. However, they can be
differentiated as deprotonated 4-methylumbelliferone contains
a phenoxide group and hence forms the characteristic DEMB
adduct on reaction with DEMB (Figure 5b).

Conclusions
A tandem MS method was developed that allowed independent
introduction of two reagents, DEMB and H2O, into an ion trap.
This setup was used to examine the reactions of deprotonated
analytes with DEMB as well as with DEHB/H2O essentially
simultaneously. A new neutral reagent, DEHB, was generated
inside the ion trap on introduction of both DEMB and H2O that
exhibited reactivities different from those of DEMB toward
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anions containing a phenoxide, carboxylate, phosphate, and
sulfate functionality. On reaction with DEHB/H2O, carboxylates and phenoxides formed DEHB adduct + H2O − CH3CH3
product ions, whereas phenoxides with an adjacent phenol or
hydroxymethyl group and phosphates formed DEHB adduct −
CH3CH3. Sulfates and ions that form strong intramolecular
hydrogen bonds were unreactive. Coupling of the aforementioned technique with HPLC allowed the identification of the
functional groups in multiple metabolites of a drug molecule,
demonstrating the potential of tandem MS based on ion–molecule reactions as a powerful analytical tool for drug metabolite
identification in mixtures.
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